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S UMMARY

The purpose of this contract was to conduct a scale model test

program to determine the acoustical field generated by high-chamber-

pressure, hydrogen-fueled engines in various cluster configurations.

A total of thirteen acoustic measurements were taken during eight

program firings. These eight firings were composed of three single-

engine firings, three five-engine cluster firings (in the Saturn V

configuration) and two eight-engine clusters (one in the Saturn IB

configuration and one a circular cluster). The clustering did not

duplicate exactly the Saturn vehicle configurations but did serve

as a reference point for comparison. The acoustic measurements

were divided -- four in the near-field and eight in the far-field,

so as to be able to calculate the power spectrum and the far-field

characteristics as well as obtain the near-field data. Engine data

obtained for each firing include mixture ratio, propellant weight

flow, total thrust, and chamber pressure. These data were acquired

to describe the source characteristics. The acoustic data were

analyzed in I/3-octave bands for study over a frequency range from

50 to i0,000 cps.

The power spectrum, acoustic efficiency, and the directivity

indices were calculated from the far-field sound pressure level

spectra. The near-field decay upstream of the engine exhaust

plane and the apparent source location were measured with the near-

field data.

In general, results from the program indicate that the cluster

configuration does not significantly affect the near- or far-field

sound pressure levels. The power spectra are similar for all three

clusters as are the source efficiencies and directional patterns,

but very significant differences exist between the single engine

and the clusters. The single-engine power spectrum peaks at a

higher frequency and shows marked differences from the clusters

in the directivity indices. A significant effect attributed to

ground attenuation is present in the far-field data and makes in-

terpretation of the results more difficult. This same phenomenon

has been observed over a range of source-to-receiver distances in

the results of other investigations, and these are discussed in an

appendix.
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In the light of the present results and the work of others,

it is recommended that the present program be continued to deter-

mine the effects of firing other advanced cluster configurations

horizontally as well as to study the role a deflector plays in

shaping the sound field. Further work should be done to determine

in detail the relationships present in the ground absorption phenom-

enon.



Martin-CR-66-13

NOMENCLATURE

A t

C F

C
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D
e

d
e

DI

D t

F
g

f

h

H

I
sp

K I

M
e

MR

NEP

P
C

PWL

r
O

r

r 1

engine throat area

thrust coefficient

speed of sound

effective exit diameter of a cluster

engine exit diameter

directivity index

engine throat diameter

thrust

frequency (usually the center frequency of each 1/3 octave

band.)

source height above ground

receiver height above ground

specific impulse

propagation constant for air = 2_/%

exit mach number

mixture ratio 02/H 2

nozzle exit plane

chamber pressure

-13
acoustic power level in db re. i0 watts

arbitrary reference distance

source-to-receiver distance

defined in Eq A-3
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RH

SPL

T
C

U

W
a

W
m

x

Z

7

E

e

0

e

0
o

o

P

P

relative humidity

sound pressure level in db, re. 0.0002 _ bar

combustion temperature

engine exit velocity

acoustic power

jet exhaust mechanical power

downstream distance from nozzle exit plane

acoustic impedance

atmospheric absorption

ratio of specific heats

engine area ratio

acoustic conversion efficiency

i efficiency
sp

angle from exhaust stream axis

wavelength

Z/0oCo, the normal specific impedance of the ground

density of exhaust gases at the exit

density of ambient air

angle of reflection from the boundary surface

oxygen weight flow

hydrogen weight flow

total propellant weight flow
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I. INTRODUCTION

The noise field generated by a high-thrust rocket engine can

contribute significantly to the total dynamic environment of the

launch vehicle, producing at times stringent, structural design

requirements. This acoustic environment may be important for

both the liftoff and flight portions of the vehicle firing. In

addition, man does not function at peak efficiency in a high noise

environment, so the rocket-generated noise field is important in

the design and operation of man-rated systems. A less important

but still significant factor is the propagation of rocket noise to

areas surrounding the launch or static test area, which interferes

with the normal activities of man. For these reasons, it is im-

portant to obtain a good understanding of the mechanism by which

rocket engines (and clusters of engines) generate acoustic energy

and the manner in which the acoustic propagation takes place. The

general area of aerodynamically produced noise has been investi-

gated theoretically but with limited success. The experimentally

produced results have been used much more extensively to solve the

real engineering problems.

The work reported in this document was undertaken with the ob-

jective of expanding the fund of knowledge concerning rocket engine

noise -- specifically, noise generated by various cluster configura-

tions. How the noise field is altered both in distribution and in

spectrum content when changing from a single engine to a clus-

ter has not been completely described in the past. Measure-

ments taken for a full-scale firing (Ref I) when the exhaust streams

were deflected show no difference in the acoustic power spectrum

between a single engine and an eight-engine cluster configuration

of equivalent thrust. The measurement results of this program in-

dicate the presence of the deflector appears to have a considerable

effect on the generated power spectrum.

A total of eight test firings were made during the course of

this program on four different cluster configurations. Three re-

peatability firings were made on a single engine and a five-engine

cluster, the latter similar to the Saturn V engine arrangement.

Single firings of two eight-engine cluster configurations completed

the test program. Nine far-field acoustic measurements and four

near-field measurements were taken during each of the eight pro-

gramed firings. Analyzing the data in I/3-octave frequency bands

over a range of 50 cps to I0,000 cps, the acoustic power spectrum,-

source efficiency, and directional effects were calculated from

the far-field measurements. Near-field sound pressures were used
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to obtain the apparent source location and the near-field SPLdis-
tribution along the simulated vehicle.

The comparisonof these results for each of the cluster con-
figurations has produced additional information which it is hoped
will provide for a better understanding of the problem.
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II, TEST PLAN

At the beginning of the test program, a document, "Program

Firing Plan," was written and issued to all participating groups.

This plan indicated the general purpose and scope of the test

firings as well as the detailed information required for coordi-

nating the testing. The firing schedule was included along with

a description of the engine configurations. A list of all meas-

urements gave positions, ranges, and readout equipment required.

Finally a detailed description was given of all necessary cali-

bration and data reduction procedures.

Most of the details of the "Program Firing Plan" are included

in other chapters of this report. A summary of the test plan is

given in this chapter to acquaint the reader with the general

scope of the program firings and the data acquisition and analy-

sis. A number of checkout firings were made using a single en-

gine, and these are described in Chapter III.

A. PROGRAM FIRINGS

The eight program firings are listed in Table II-I, which

also presents the engine configuration and measurement list. One

basic engine design was used throughout the tests with multiple-

engine clusters composed of five or eight of the basic single

engines. All firings were horizontal with no deflector present.

Firings i thru 3 were repeatability firings of the single-engine

configuration. Firings 4 thru 6 were repeatability firings of

the five-engine cluster, which is similar to the Saturn V cluster

configuration. Firing 7 was an eight-engine cluster similar to

the S-IB clustering, and Firing 8 was an eight-engine circular

cluster. The orientation of the multiple engines is also shown

in Table II-i with acoustic measuring plane at right angles to

the top-to-bottom centerline.

Engine instrumentation includes chamber pressure in each

chamber, total thrust, two temperatures and pressures required

for propellant weight flow and mixture ratio calculations, and

four pressures in the propellant supply lines. The acoustic meas-

urements were distributed between the far-field and near-field as

shown in Table II-I for all firings. High-speed movies were taken

of each firing to be used for general flow visualization and any

required system troubleshooting.

r
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Test Configuration

Table II-i Program Firings

i Single-Engine •

2 Single-Engine •

3 Single-Engine •

4 Five-Engine • •
Cluster •

Five-Engine • •

Cluster • •

Five-Engine • •

Cluster • •

Eight-Engine %e_

Cluster • • •

o0•
8 Eight -Engine • •

Cluster • •e

Engine

Measurement

i0

I0

I0

14

14

14

17

17

Acoustic Measurement

Near-Field

4

4

Far-Field

B. TEST FIXTURE

The engines were designed to burn gaseous oxygen and hydrogen

at a mixture ratio of 3.0 and a chamber pressure of 1200 psia.

Engine run time was set at a minimum of 3.0 seconds of steady-

state operation but generally exceeded this time. Single-engine

thrust on the order of 400 ib was calculated with a total propel-

lant weight flow of 1.0 ib per sec. The calculated exit Mach

number was 3.5 for a fully expanded area ratio of i0.
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Eachconfiguration wasmountedon a thrust stand firing hori-
zontally with the engine centerline six ft from the ground plane.
The single engine and the clusters were mountedon a thrust plate
designed to measuretotal engine thrust. The firing wascontrolled
automatically by a control console that provided a programedse-
quenceof events.

C. ACOUSTICMEASUREMENTS

The far-field microphoneswere on poles six ft abovethe
ground plane on a 120-ft radius measuredfrom the engine exit.
The far-field positions are shownin Fig. II-I. Themeasuring
plane was flat, sloping gently from the 160-degto the 20-deg
position and is composedof bare packedearth. The near-field
acoustics measurementswere taken at three locations near the
engine and at the boundaryof the exhaust stream by a traversing
microphone. Thesenear-field data points are shownin Fig. 11-2.
The diameter used in positioning the three microphoneson the
stand wasan effective exit diameter that is an equivalent flow
diameter of the clusters.

All acoustic data were acquired using the Bruel and Kjaer
_-in. condensermicrophonesystems, connectedby coaxial cable
to the signal conditioning equipment, and a 14-channei _ mag-
netic tape recorder. Thefrequency range was50 to I0,000 cps.
An electrical system calibration for each data channel wasmade
prior to the test series. An end-to-end amplitude calibration
wasmadebefore each firing using the B&KPistonphone. In addi-
tion, eachmicrophonewascalibrated by the reciprocity method
and the electrostatic actuator twice during the test series.

All acoustic data were reduced to overall time histories to
aid in selecting the data sampleto be analyzed and to review
general data quality. A i/3-octave bandanalysis was then made
of the resulting tape loops using the B&Ki/3-octave analyzer.
The traversing microphonedata were analyzed in i/3-octave band
time histories, to be later converted to sound pressure level as
a function of distance.
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Fig. II-i Far-Field Measurement Locations
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III. TEST FACILITIES AND PROPULSION SYSTEM

A. FACILITY

I. Storage and Feed System

The propellant storage and feed system together with the con-

trol console and data acquisition equipment was essentially that

used during Contract NAS8-5159. This system is described in de-

tail in Ref 2. The modifications dictated by specific program

requirements, hardware availability, and safety considerations

resulted in improved facility operating capability. The prin-

cipal features of the facility are described in this section.

The facility configuration at program start provided storage

of gaseous hydrogen and oxygen at maximum pressures of 2900 and

2600 psi, respectively. Capability existed to generate each of

the gaseous propellants by boiloff from the liquid phase.

During the early checkout phase of the program, a fatigue

failure of the oxygen charging sphere occurred during propellant

loading. As a result of this incident, the test facility was

modified for safet¥ and functional considerations before start

of the program firings. The oxygen storage system was rebuilt

using 72 standard oxygen '_" bottles manifolded together. Al-

though this system was not as flexible as the original design,

since outside servicing was periodically required to fill the

tanks, it was nevertheless adequate for the program. This sys-

tem is shown in Fig. III-i.

The other major alteration to the facility consisted of re-

locating the hydrogen propellant storage system to a revetment

approximately 70 ft from the test stand and blockhouse. The sys-

tem as shown in Fig. 111-2 retains the capability of loading by

boiloff of liquid hydrogen.

In addition to the above changes, relief valve and burst disc

protection was provided on all storage and feed system plumbing.

Figure 111-3 is a schematic diagram of the entire propellant

storage and feed system as configured for the program firings.

No problems were encountered with the system during the program

firing period.
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2. Instrumentation

All equipment required for accumulation of near- and far-field

microphone data, engine performance data, and facility control

parameters was located in the control center blockhouse. Specific

instrumentation used in the program is detailed in other sections

of the report. Figure III-4 is a photograph showing the blockhouse

instrumentation used to acquire acoustic data. This consists of

tape recorder, signal generator, oscilloscope, and amplifier rack.

Figure 111-5 is a photograph of the portion of the blockhouse con-

taining the recording oscillograph, events recorder, and associ-

ated amplifier racks. This instrumentation was required for en-

gine data acquisition.

3. Control Console

The control console was specifically designed to operate the

above described system. It consists basically of a timer and an

array of stepper switches that automatically operate the neces-

sary valves during a firing. Valve timing can easily be altered

for each function by means of a patch panel. In addition to the

automatic control capability, the console provides for command

shutdown and contains appropriate position lights for all valves.

The control console is operated by 28-vdc power.

B. PROPULSION SYSTEM

i. General

This program used the basic propulsion system hardware devel-

oped and used for NAS8-5159. Changes were made only where specif-

ically required to functionally or structurally improve the in-

stallation. The resulting system is described in the following

sections.

2. Propellant Manifolds and Engine Feed Systems

Separate feed lines introduce each propellant into a cylin-

drical plenum chamber that has four 3/4-in. outlet connections.

In the fuel system, these outlets are connected by flex hoses to

a toroidal manifold attached to the movable portion of the thrust

stand. The toroidal manifold contains 12 I/2-in. outlet fittings

in addition to provision for pressure and temperature measurement.
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Flow distribution to the individual engines wasmadeby i/2-in.
flex hose, which wasprimarily used to aid in assemblyrather
than to allow relative movement. Prior to the start of the pro-
gramfirings, during a checkout run, an explosion in the oxygen
feed systemseverely damagedthe oxygentoroidal manifold• Since
the schedule did not allow procurementof a newunit, the program
firings were conductedwithout the oxygentoroidal manifold• 02
systemplumbing was accomplishedby direct hookupwith flexible
hoses from the cylinder manifold to the engines• In sp_te of pre-
senting a somewhatcluttered appearance,requiring morecareful
load cell calibration, and increasing the time required to change
cluster configurations, this setup provided satisfactory results
for all programfirings. Figure 111-6 is a schematic diagram of
this system•

Provision existed to introduce GN2 purge into both feed lines
downstreamof the thrust chambervalves• Checkvalves allowed
nitrogen flow at all times whenpropellants were not being de-
livered to the engine•

Modifications to the system for this programincluded the
following items• Improveddesign 3/4-in. flex hoses were pro-
cured• Thesehoses had longer flexible sections and were con-
structed of Teflon, rather than metal bellows, inside a stainless
steel braid. As a result, the newhoseswere more flexible, had
less pressure drop, and, as subsequentcalibration data revealed,
introduced negligible preload into the systemwhenpressurized.

Provision wasaddedto each cylinder manifold for pressure
and temperature pickups, and a solenoid operated vent valve was
installed in the oxygenmanifold system. The reason for this is
discussed in Subsection 3a.

Following the completion of engine feed system plumbing for
each of the four cluster configurations, the entire systemwas
leak checked. At this sametime, the thrust stand calibration
(see Subsection 4) was accomplished. Engineswere then installed
and separate propellant flow checkswere conducted to establish
the proper regulator set pressure and to ensure equal flow dis-
tribution to each of the multiple engines. Full engine and feed
system instrumentation wasused for these mockfirings; however,
the propellants were introduced separately, and the ignition
systemwas disconnected.
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3. Engine Design

The engine configuration essentially was that developed dur-

ing NAS8-5159. A detailed description of the design is presented

in Ref 2. Modifications were made, and certain features inves-

tigated to reduce the degree of throat erosion; changes were in-

troduced as required to accommodate a spark igniter system and

the specific propellant flow rates desired; and configuration

changes were made to improve functional and structural performance

of the engine. These various items are discussed in this sub-

section.

a. Modifications

I) Ignition System

The selection of suitable hardware and development

of the ignition system for the engine was accomplished

during the early phases of the program. This type of

system was selected to replace the hypergolic ignition

used during NAS8-5159. The ignitable limits for gase-

ous oxygen/hydrogen mixtures are sufficiently wide

that spark ignition proved to be no problem. In ad-

dition, spark intensity available from the proposed

hardware proved to be adequate. An igniter location

was selected that placed the igniter as far as pos-

sible upstream while still remaining within the conic

projection of the oxygen injector.

Discussions with personnel at Champion Spark Plug

Company indicated that an automotive-type plug would

be structurally and functionally adequate for such an

application; however, it was recommended that the

electrode gap be maintained small enough to ensure

proper operation at approximately 300 psi.

Accordingly, a quantity of spark plugs (Champion N-3,

the extreme cold end of the heat range) were obtained

and subjected to hydrostatic pressure test and func-

tional evaluation at various pressures. Hydrostatic

tests at 4300 psi indicated the plug to be structur-

ally adequate, and the spark testing indicated the

plug would fire at pressures up to 350 psi with a

gap of 0.015 in. The manufacturer recommended that

the movable electrode be altered so the gap would

occur across corners rather than across flats, and
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this was adopted. Fig. 111-7 is a photograph showing

the igniter configuration. This plug has a 3/4-in.

thread reach to adapt to the installation boss on the

engine case and to permit protrusion of the electrodes

just inside the thrust chamber.

These igniters operated satisfactorily during all

phases of the program, displayed little damage re-

suiting from the firing, and were in some instances

reused.

Separate transformers for each engine provided I0,000

vac at 0,023 amp to the igniter. These transformers

operated from ll5-vac service. Standard automotive

ignition cable was used in the wiring harness. The

ignition system as set up for the eight-engine firing

is shown in Fig. 111-8.

2) Oxidizer Injector Plug

During some of the checkout firings, there were ex-

plosions in the oxygen manifold at the time of engine

ignition. Although nitrogen purging was being used,

it was not sufficient to prevent reverse flow of GH 2

into the oxygen system during the 0.5-sec fuel lead.

The explosion was triggered by engine ignition that

traveled rapidly back upstream into the manifolding

system.

A solution to this problem consisted of incorporating

a plug into the downstream face of the oxidizer in-

jector. This device was a conical-shaped rubber plug

cut to fit the injector and" held in place by a 7/8-in.-

dia patch of 0.050-in.-thick vinyl tape. An effec-

tive seal was thus provided against flow in the up-

stream direction, and the entire plug was harmlessly

blown from the engine as soon as an oxidizer pressure

of 30 to 60 psi higher than the existing pressure in

the chamber was reached. This particular plug and

tape combination was selected from other types tested

for leakage at pressures up to 350 psi. (Actual oper-

ation pressure is 200 psi.)

Precaution was necessary to ensure that the injector

plug was properly in place at the time of engine fir-

ing. This was accomplished by appropriate modification
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to the test procedure, including a last minute visual

check. In addition, an oxygen manifold vent valve

(OMVV) was installed (see Fig. 111-3) that was kept

open at all times after installation of an engine

and was automatically closed approximately 0.25 sec

before oxidizer thrust chamber valve opening. This

vent prevented any buildup of pressure due to valve

leakage etc in the system that could blow the plug

from the engine. The nitrogen purge of the oxidizer

system was placed on manual control and not turned

on until actual ignition. This also prevented in-

advertent expulsion of the plug.

The function of this device was completely satis-

factory for the program firings. Fig. 111-9 shows

the effectiveness of the plug in preventing buildup

of GH 2 in the oxidizer manifold. Data display is

shown for runs with and without the plug; no manifold

pressure rise is discernible when the plug is installed.

3) Erosion Reduction

Certain changes to hardware, performance, and pro-

cedures were incorporated into the program that would

collectively contribute to general reduction in graph-

ite nozzle throat erosion. This provided improved

steady-state engine performance and lessened the

chance of hardware damage. The run time was reduced

to a total that would provide at least 3 sec of good

data; the propellant mixture ratio was decreased to

3.0, and the nozzle throat contour was modified to

provide a greater inlet radius. In addition, a

quantity of sacrificial peripheral cooling inserts

were evaluated during the checkout firing phase.

These inserts were fabricated from various plastic

materials, and had been used with success in other

applications in reducing throat erosion. In theory,

the insert provides a protective cooling film as it

vaporizes and leaves the combustion chamber. Data

obtained during two runs indicated that this device

did not improve performance with the particular en-

gine and propellant combination used. Moreover, it

appeared to cause somewhat erratic engine exhaust

characteristics until t_me of complete expulsion,

approximately 2 1/2 sec after ignition. Based on

these results, a decision was made not to use these

inserts for the program firings.
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4) Other EngineHardwareModifications

Initial programplans were to obtain the required
lO-to-i nozzle expansion ratio by remachining the
existing graphite liners to a larger throat diameter.
This would producea design requiring 1.75 Ib/sec
propellant flowrate. An evaluation indicated that
certain advantageswould accrue if the required ex-
pansion were achieved by removinga portion of the
exit cone rather than by increasing the throat size.
Theseadvantagesincluded that of reducing propellant
flowrate to i Ib/sec, thereby taking advantageof
lower feed systempressure drop and propellant stor-
age factors. In addition, remachining the graphite
liners wasmorecostly than removinga portion of
the engine case exit cone. An additional benefit
was that only one of the two flow metering venturis
had to be reworked for this program. Thus, the en-
gines were designed for the lower propellant flow
rate while still retaining the basic required char-
acteristics of exit pressure, exit Machnumber,
chamberpressure, and mixture ratio.

In addition to removinga portion of the engine case
exit cone, it was necessary to add a boss for in-
stallation of the spark igniter. Figure !!!-!0 is a
photograph of the engine casewith the igniter and
chamberpressure fitting installed. The graphite
liner wasmodified to provide a hole through which
the igniter extended into the combustionchamber.
This is shownin Fig. III-ii.

Changeto the two propellant injectors due to the
reduction in mixture ratio was limited to the hydro-
gen injector. The newhardwarewas fabricated with
the orifices scaled up to accommodatethe higher GH2
flow rate. No changewas required for the oxygen
injector.

The injector plates were altered slightly to incor-
porate four supports and a locating pin for the hy-
drogen injector. This wasdone to prevent bending
of the hydrogeninjector plate due to the start
transient loads. (The plate wassupported only at
the inside diameter.) The locating pin protruded
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into an indexing hole in the upstreamface of the
hydrogen injector. This prevented rotation and en-
sured proper assemblyof the hardware. These two
items are shownin Fig. 111-12.

Figure 111-13 is a photograph of the complete engine
fuel injector assemblyconsisting of the backplate,
GH2 injector, copper gasket, GO2 injector, rubber plug,
and vinyl tape.

Enginebackplates used for this programare shownin
Fig. 111-14 and 111-15. The existing configuration
for thrust plate mountingprevented location of an
engine on centerline without use of a special back-
plate. This design is shownin Fig. 111-14. Fuel
and oxidizer were fed radially into the backplate by
tubing that extended through holes in the thrust plate.
This backplate wasused successfully for all single-
and 5-engine cluster firings. Figure 111-15 depicts
the conventional straight and right-angle backplates
used for all other engine installations.

b. CheckoutFirings

Prior to the programfirings, six checkout runs were con-
ducted using a single-engine installation. In addition
to providing substantiation of the ignition system design
and verification of facility operation, these runs sug-
gested certain changesto the automatic control console
setup and test procedures that resulted in improvedoper-
ation during the programfirings. Somehardware design
changesdescribed previously were also suggestedby the
results of these checkout firings.

4. Engine Instrumentation

Table III-i provides a complete listing of all instrumenta-

tion parameters, both facility and engine, required to conduct

the test firings. Engine instrumentation consisted of fuel mani-

fold pressure and temperature, engine chamber pressure, and load

cell readout.
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Table III-I Instrumentation List

Symbol

P
C

P
O

Pf

T F

T
O

PoL

P
ct

PFS

P
OS

PFU

PFL

PN

F

Description

Engine Chamber

Pressure, PSIG

Oxidizer Manifold

Pressure, PSIG

Fuel Manifold

Pressure, PSIG

Fuel Manifold

Temperature, °F

Oxidizer Manifold

Temperature, °F

Oxidizer Feed Line

Pressure Downstream

of Regulator

LH 2 Sphere

Pressure, PSIG

GH 2 Storage

Pressure, PSIG

Oxygen Storage

Pressure, PSIG

GH 2 Pressure,

Upstream of

Regulator

GH 2 Pressure,

Downstream of

Regulator

LH 2 Sphere Vacuum

Jacket Pressure

Engine Thrust

Single Engine

Firing

Five Engine

Firing

Eight Engine

Firing

Quantity

1 to8

Instrument

Range

0 to 3000 psi

0 to 3000 psi

0 to 3000 psi

Operating

Range

800 to 1500 psi

1500 to 1800 psi

1400 to 1700 psi

I 20 to 190

I 20 to 150

I 0 to 5000

I 0 to 5000

i 0 to 5000

i 0 to 4000

i 0 to 5000

i 0 to 5000

I 0 to 50

(Absolute

Pressure)

I 0 to 2000

i 0 to 5000

i 0 to 5000

40 to i00

40 to i00

1500 to 1800

0 to 3000

0 to 3000

1500 to 3500

0 to 3000

1400 to 1700

i0 to 40

(Absolute

Pressure)

350 to 450

1500 to 2500

2500 to 3500

Type of

Display

CEC

CEC

CEC

CEC

CEC

Gage

Gage

Gage

Gage

Gage

Gage

Gage

CEC

CEC

CEC
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Symbol

OPV

FPV

FFV
FVV
OVV
FLVV
FIV

OBPV
FTCV

OTCV

OMVV

ONPV

FNPV

Description

Oxidizer Pressur-
ization Valve
Fuel Pressur-
ization Valve
Fuel Fill Valve
Fuel Vent Valve
Oxidizer Line Vent
Fuel Line Vent

Fuel Isolation
Valve

Oxidizer Bypass
Fuel Thrust
ChamberValve

Oxidizer Thrust
ChamberValve

Oxidizer Manifold
Vent

Oxidizer/Nitrogen
Purge
Fuel/Nitrogen Purge
Fire Switch

Quantity
Instrument

Range

Open/Close

Open/Close

Open/Close
Open/Close
Open/Close

Open/Close
Open/Close

Open/Close

Open/Close

Open/Close

Open/Close

Open/Close

Open/Close
On/Off

Operating
Range

Type of
Display

Light

Light

Light
Light
Light
Light
Light

Light
Light

and

Event

Recorder

Light

and

Event

Recorder

Light

and

Event

Recorder

Light

Light

Event

Recorder
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Engine propellant weight flow calculations were based on the

conditions at the throat of the choked venturis:

o Pf x Afv x S x C D

Fuel fl°w' WF = T_f x _ '

where

Pf = fuel manifold pressure (psia);

Afv = throat area of fuel venturi = 0.0275 sq in.;

Tf = fuel manifold temperature (°R);

1544

RH = gas constant - _ - 772;

[is = _ +_- iM +Z--_-!M2 2

-- 3.884 for sonic flow and 7 = 1.4, and

CD = flow coefficient = 0.98.

P xA x S xC Do
O OV

Oxidizer flow, Wo = T_o X_o '

where

P = oxidizer manifold pressure (psia);
O

A = throat area of oxidizer venturi = 0.0194 sq in.;
OV

T = oxidizer manifold temperature (°R); and
O

1544
R = gas constant - - 48.3.

o

The validity of the value for venturi flow coefficient, CD,

was established during actual calibration tests of each venturi

on a flow bench.
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Eachengine backpiate contained both an oxygenand a hydrogen
venturi, and, for calculation purposes, it was assumedthat the
manifold stagnation pressure wasequal to the venturi stagnation
pressure.

Engine thrust wasdetermined by a load cell that measuredthe
net force applied by the entire complementof engines. It was
necessary to calibrate the thrust stand to obtain the load cell
readout for a knownapplied force, since the pressurized feed
system flex lines provided somepreload to the system. These
calibrations were accomplishedbefore each configuration fir-
ing, and with the feed systempressurized to approximately 1500
psi. This simulated as closely as possible the actual forces
applied by the flexible hoses during firing. The knownload was
applied by a hydraulic jack and wasmeasuredby another calibrated
load cell. Readoutfrom both load cells was recorded by a pre-
cision voltmeter and converted to force by the specific load cell
calibration supplied with the instrument. Figures 111-16, 111-17,
and 111-18 represent the calibration data for the single-, five-,
and eight-engine cluster configurations.

High speedmovie coveragewasprovided on all firings, and
color still photographswere taken of one single-engine firing
and one five-engine firing.

5. Operational Procedures

Propellant loading, pretest propulsion system checkout, and

the firings were controlled by specific procedures that were

strictly followed at all times during the program. These pro-

cedures are included in Appendix C. The first is a checklist

used to identify each engine component by serial number to ensure

proper hardware inspection and assembly, and to check out proper

function of the spark igniter system before each firing.

The Propellant Loading Procedure, used whenever it became

necessary to refill the supply tanks, contains a description of

various emergency conditions and appropriate action. The System

Firing Procedure contains a detailed description of pretest pro-

cedures, for both mock and hot firing, postfiring procedures,

and appropriate emergency procedures.

The actual sequence of valves during firing was automati-

cally controlled by the test console. Figure 111-19 represents

the sequence of events during a typical firing. Before the fire

switch is actuated, a nitrogen purge was established in the fuel
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manifold system and engine to ensure that all air was eliminated

before hydrogen entered the system. This purge was continued

throughout the run and during posttest; however, a check valve

prevented hydrogen flow into the purge system during the 7-sec

period of fuel flow. The automatic timer opened the fuel thrust

chamber valve, 0.25 sec later closed the oxygen manifold vent,

and opened the oxygen thrust chamber valve after another 0.25 sec

interval. At this point ignition occurred, and immediately there-

after the power supply to the ignition system was manually shut

off. This was done to reduce the ignition systems operating

time. The electronic interference from the spark system was re-

flected in both the acoustic and engine data. During actual

firing, the oxygen purge valve was manually opened, permitting

nitrogen purge of the system as soon as propellant pressure

dropped.

This sequencing provided approximately 4.5 sec of engine

operation during which a minimum of 3 sec of steady-state data

was obtained. Hydrogen flow continued for 2 sec after oxygen

shutoff to ensure a fuel-rich shutdown, and purge of both sys-

tems then continued for several minutes.
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Fig. 111-6 Thrust Stand Propellant Feea System Schematic Diagram
4



111-20 Martin-CR-66-13 

Fig. 1 1 1 - 7  Engine I g n i t e r  
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ZERO

ZERO

ZERO

ZERO

PSIG

Martin-CR-66-13

1550 PSIG

WITHOUT PLUG
(Data from Check-out Run
Prior to Program Firings)

See

APPROX 200 PSI_

1550 PSIG

WITH PLUG

TIME at 8 Inches/Second

OPEN OXYGEN

VALVE

See

/

m

(°

NOTE: With Plug No GH 2 Present in 02 Manifold at Time of OTCV Opening;

Without Plug Manifold Contained 200 psi GH 2 at Time of OTCV Opening.

Fig. III-9 Effect of Injector Plug on Oxygen Manifold Pressure

during Fuel Lead Sequence
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Fig. 111-14 Single-Engine Backplate 
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LOAD CELL
READOUT
(LBS)

500 --

400 --

300 --

200

I
200

I , , I
300 400 500
ACTUAL THRUST (LBS)

I
600

Fig. 111-16 Thrust Stand Calibration, Single-Engine Configuration
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LOAD CELL

READOUT

(LBS)

2400

1600

800

0

0

I

800 1600

ACTUAL THRUST (LBS)

1
2400

Q

Fig. 111-17 Thrust Stand Calibration, Five-Engine Cluster Configuration
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LOAD CELL

READOUT

(LBS)

3200

2800

2400

SATURN IB //

CIRCULAR CONFIG.

I

I , I , , I ,
2600 3000

ACTUAL THRUST (LBS)

I
5400

Fig. III-18 Thrust Stand Calibration, Eight-Engine Cluster Configurations
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IV. ENGINE PERFORMANCE

A. TEST RESULTS

The eight program firings were conducted from 6 December 1965

through 28 January 1966. Table IV-I is a run summary listing the

date, cluster configuration, atmospheric conditions, events tim-

ing, and propellant pressures.

The first three firings were made on a single-engine instal-

lation, Firings A, 5, and 6 were the five-engine cluster, and

Firings 7 and 8 were the eight-engine clusters. Figure IV-I shows

the relative engine positions for the various cluster configura-

tions. Photographs showing actual engine installation for the

five-engine cluster, the eight-engine cluster, and the eight-

engine circular cluster are presented as Fig. IV-2, IV-3, and

IV-4, respectively.

Table IV-2 presents the basic engine design and performance

criteria, and Table IV-3 is a tabulation of actual performance

results as determined from data taken during the test firings.

It should be noted that engine performance data are the average

values for the multiple engine firii_gs. Only total thrust was

measured, for example, and the tabulated values are that total

divided by the number of engines tested. Other parameters listed

include I thrust coefficient, efficiencies mixture ratio, and
sp'

maximum chamber pressure. Brief descriptions of each run are

given in this section.

i. Program Firin$ 1

This was a single-engine firing, and results were generally

good. No thrust data were obtained, however, and it was thus

necessary to calculate a value of I and thrust based on aver-
sp

age thrust coefficients as determined from subsequent runs. Per-

formance appeared to be nominal, and the only visible engine dam-

age was some burning of the oxidizer injector face. This phenome-

non was noted on over 30 percent of the engines tested, it did

not affect performance, and the apparently random occurrence of

damage could not be explained.
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Table IV-2 Engine Performance Criteria

Propellants

Chamber Pressure, P
c

Exit Pressure, P
e

Exit Mach Number, M
e

Mixture Ratio, M/R

Expansion Ratio, A e/A t

Nozzle Exit Diameter, D
e

Nozzle Throat Diameter, D t

O

Propellant Flow, W
P

O

Oxidizer _I__.
o

Fuel Flow, WF

Combustion Temperature, T
c

Specific Heat Ratio, 7

Specific Impulse (Theoretical) I
sp

Thrust Coefficient (Theoretical), C F

Thrust (Assuming i00 percent Efficiency)

Gaseous Hydrogen and

Gaseous Oxygen

1200 psia

11.8 psia

3.5

3.0

I0.0

i. 56 in.

0. 494 in.

1.00 ib/sec

0.75 ib/sec

0.25 ib/sec

4384°F

1.32

415 sec

1.60

415 ib
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2. Program Firin_ 2

This was identical to Run 1 in almost every respect. Perform-

ance correlated well, and thrust data again had to be calculated

since no measurement was available. The oxidizer injector was

burned slightly on the downstream face.

3. Program FirinK 3

This was the last single-engine firing. Propellant flow rates

were slightly above nominal value, resulting in performance levels

at the upper boundary of levels noted for all engines. Maximum

chamber pressure was measured at 1357 psia, and satisfactory meas-

urement of engine thrust was accomplished during the run.

Figure IV-5 presents chamber pressure variation for Runs i,

2, and 3. Although considerable variation between runs is noted,

the maximum values appear to be consistent with the other perform-

ance indicators.

4. Program Firin_ 4

This was the first five-engine firing, and all results were

satisfactory. Performance appeared to be quite nominal with maxi-

mum chamber pressure of 1341 psia at a mixture ratio of 3.16. Two

oxygen injectors were not damaged during this run. It is noted

that the listed maximum chamber pressure is based on an average

of data taken on each engine. Figure IV-6 presents chamber pres-

sure variation for these engines. Chamber pressure data were not

available from Engine 5 and for only part of the run on Engine 3.

Good agreement among engines was shown for this firing. Data and

movies indicated that all engines ignited within 0.2 sec of each

other.

5. Program Firin_ 5

Run 5 was the second five-engine firing, and results agreed

well with the previous run. In this case only two chamber pressure

transducers functioned, and this variation is shown in Fig. IV-7.

Only two oxygen injectors were damaged during this run. This

characteristic appeared to occur less often as the testing pro-

ceeded. Engine ignition occurred within a O.06-sec period.
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6. Program Firing 6

Good overall performance was obtained for the last five-engine

firing; however, data indicated that the throat erosion of Engine

2 was greater than normal. This generally did not affect engine

thrust, but the chamber pressure decay rate was quite severe, as

shown in Fig. IV-8. Measurements taken after the run revealed

more throat erosion than normal. The problem of throat erosion

is discussed in Section B. All engines ignited smoothly within

a 0.13-sec period.

Figure IV-9 is a reproduction of a section of the recording

oscillograph made during a 2-sec period before and after engine

ignitions on this run. The data indicate how propellant mani-

fold pressure transient, engine ignition timing, and tnrust build-

up were related. This general relationship was typical of all

runs.

7. Program Firing 7

This was the eight-engine Saturn IB Firing, and results were

satisfactory in all respects. Performance was excellent, all in-

strumentation operated satisfactorily, engine chamber pressure

decay rates (see Fig. IV-10) all compared favorably, and no dam-

age to the oxygen injectors was observed.

Film coverage and engine data indicated ignition was smooth

and occurred within a 0.2-sec period.

8. Program Firing 8

Results from the eight-engine circular cluster firing were

satisfactory. Performance parameters were within the desired

range, and negligible hardware damage occurred. Chamber pressure

variations are presented in Fig. IV-II and show good agreement.

In general, the engine performance parameters as measured

during the test program displayed excellent consistency and were

of reasonable magnitude. A summary indicates that the measured

thrust levels were within _5½-percent tolerance, and for five of

the 6 firings where measurement was obtained, the tolerance was

!2½ percent. More significantly, the measured I values agreed

within _2½ percent, sp
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The average I of 391 sec reflected an I efficiency of
sp sp

94.5 percent, and the average measured thrust coefficient, CF,
was 1.57, or 98 percent-of theoretical.

Figure IV-12 presents a representative thrust-vs-time relation-

ship for a sample of each multiple-engine configuration. Thrust

was observed to remain constant within _i_ percent throughout the

steady-state portion of all tests.

Engine thrust is a function of specific fuel consumption, I
sp'

and total propellant flow rate. The e_gine design used for this

program resulted in flow rates that were independent of the con-

ditions in the combustion chamber. For moderate amounts of throat

erosion and chamber pressure degradation, the I was not affected,
sp

thus the thrust remained relatively constant during the runs.

Exit velocity and total propellant momentum also remained con-

stant under these conditions; however, other parameters at the exit

plane of the engine do reflect the effects of the throat erosion,

and these are shown in Fig. IV-13. The percentage variation from

the base value of exit static pressure, exit density, and exit Mach

number are shown vs time. For the purposes of this curve, a typi-

cal average variation in chamber pressure obtained from the test

program was used to establish the throat erosion rate. The curve

indicates that after four sec of operation the throat enlarged ap-

proximately 60 percent in area, the exit Mach number decreased i1½

percent, the density increased 5 percent, and the nozzle exit pressure

increased 22 percent.

B. HARDWARE CONDITION

Certain engine hardware degradation characteristics were noted

throughout the testing that, while undesirable, were generally

accepted as typical operation. Steps were taken to compensate

for or tolerate these items, and, as a result, they had no ad-

verse effect on test results. The characteristics presented in

the following paragraphs are noted for record purposes and for pos-

sible consideration in future programs.

Burning of the downstream face of the oxygen injector was ob-

served in varying degrees and at apparently varying times. Ap-
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proximately 1/3 of the oxidizer injector hardwarewas thus damaged,
and the damagedid not appear to correlate with location, orienta-

tion, type of backplate, or run time. No effect on engine perform-

ance was observed.

Although graphite throat erosion was within acceptable limits,

it was observed on occasion to vary quite widely. Final measured

throat sizes in some instances differed by 30 percent in area for

the same engine operating time. Although no relation with oxidizer

injector damage was noted, the erosion characteristic might possibly

be related to injector performance variation or differences in

graphite grain structure and density. Some liners exhibited a non-

symmetrical erosion pattern, and final throat appearance was usually,

but not always, oval shaped.

A tendency was noted in roughly half of the firngs for the

hydrogen injector to deform slightly into the cavity in the in-

jector plate. This occurred in spite of the previously noted

modification to provide four supports around the outside diameter

of the plate. The bent hardware showed evidence of high bearing

load of the supports on the plate. In some cases, the support

pins had actually receded slightly in their holes, thus allowing

movement in the upstream direction as a result of the ignition

shock loading. This deformation did not result in any adverse

effect on performance. Additional supporting structure could

readily be provided on this hardware to extend its useful life.

Engine cases were generally not damaged except for a gradual

eroding or flaking of the Rokide coating on the exit cone.

Based on the results from 34 program firings, using 12 cases,

it can be expected that three or four runs would be maximum for

each case. Four of the cases were satisfactory for four runs,

seven were satisfactory for three, and one case lasted only two

runs.

The Rokide insulation can be replaced at approximately 25 per-

cent of the cost of a new case if such renewal is made before the

base material is damaged.
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Scale: I/8 Engine exit diameter = 1.56 inches.
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Fig. IV-I Multiple-Engine Cluster Configurations
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Fig. IV-5 Engine Chamber Pressure History, Single-Engine Program Firings
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Fig. IV-6 Engine Chamber Pressure History, Five-Engine Cluster Firing
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Fig. IV-7 Engine Chamber Pressure History, Second Five-Engine Cluster Firing
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Engine Chamber Pressure History, Third Five-Engine Cluster Firing
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Fig. IV-10 Engine Chamber Pressure History, Eight-Engine Saturn

IB Cluster Firing
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Fig. IV-II Engine Chamber Pressure History, Eight-Engine Circular Cluster Firing
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V. DATA ACQUISITION AND ANALYSIS

This chapter describes the acoustic data acquisition and re-

duction systems, including calibration procedures. The systems,

although not unusual, meet the program requirements for reli-

ability and accuracy. The data handling is described to famil-

iarize the reader with the steps involved.

A. DATA ACQUISITION SYSTEM AND PROCEDURES

The acoustic measurement points were divided into nine far-

field and four near-field measurements. The far-field data were

taken at nine angular positions (see Fig. II-I) on a 120-ft

radius measured from the engine exit plane. The microphones were

mounted on six-ft-high poles with fiberglas mounts at an angle

of incidence equal to O-deg. In Fig. V-I a typical far-field

measurement point is shown. The microphone power supply is lo-

cated in the box mounted on the lower part of the pole.

The near-field positions included three pickups mounted along

the engine centerline and upstream of the engine exit, and one

microphone that traverses outside of and parallel t_ the engine

exhaust stream. Figure 11-2 shows the location of these near-field

points. The exit plane position was fixed for all firings, with

the 3-D and 16-D positions moved for different cluster config-
e e

urations based on the effective cluster diameter. (Effective

diameter was calculated by multiplying the square root of the

number of engines by the exit diameter of a single engine.) At

these three positions, the microphones were mounted at grazing

incidence as shown in Fig. V-2. The metal cover shown in Fig.

V-2 over the engine manifolding was used both as a simulated ve-

hicle skin and a protective cover.

The traversing microphone was 22 inches to the side of the

cluster centerline when positioned axially at the engine exit

plane. The sensing element was eight in. above the centerline

of the cluster at all times. This latter position was necessary

to minimize the view angle of the microphone diaphragm and there-

by reduce radiation heating to a minimum. The traverse micro-

phone started II inches upstream of the engine exit plane and ran

along an angle of 10-deg (re. the engine centerline) at a speed
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of approximately 3.5 fps. The motion was supplied by a 28-vdc
motor and pulley system mountedon a stand 60 ft from the engine.
The carriage holding the microphone (Fig. V-2) remained in an
upright position during travel. The extension cable connecting
the microphoneto the powersupply was suspendedfrom a cable
above the thrust stand and waspaid out as the microphonetraverse
required.

A high-speed movie camera(_125 frames/see) recorded each
firing from a point just downstreamof the exit and 15 ft to the
side of the stand. This film coveragewasused for general flow
visualization and propulsion system performanceand as a cali-
bration methodfor the traversing microphone.

A block diagramof the acoustic data acquisition system is
shownin Fig. V-3. The i/4-in. Bruel and Kjaer microphoneshave
a usable frequency range from about 20 cps to i00 kcps, being
downapproximately 3 db at the lower frequency and less than
that at the higher frequency according to the manufacturer's
specifications• The frequency range of interest for this program
was from 50 to i0,000 cps so the microphonefrequency response
was no problem in covering this range. The total measurement
system frequency responsewas fixed at the high end by the tape
recorder response (0 to i0,000 cps at 60 ips) and the Danaampli-
fiers (0 to i0,000 cps), and at the low end by the microphones.
The resulting system frequency responsewas 50 to i0,000 cps,
flat within ± i db. The data acquisition system is shownin Fig.
V-4. The total dynamicrange usually achieved was about 40 db.
This is set mainly by the Danaamplifiers due to low signal out-
put from the mikes.

Theacoustic calibration procedures consisted of (i) micro-
phonesystemcalibrations performed by the Primary Standards
Laboratory, (2) system electrical calibrations performed in the
field, and (3) prefiring and postfiring acoustic calibrations to
establish the absolute system gain.

The Primary Standards Laboratory madea microphonefrequency
responsecalibration twice during the programusing the Bruel and
Kjaer electrostatic actuator and covering the frequency range
from 20 to I0,000 cps. The absolute sensitivity was determined
by the reciprocity technique using a secondary laboratory stand-
ard microphone. This wasalso done twice during the program.
The differences betweenboth calibrations were on the order of
0.5 db.



Mart in-CR-66-13 V-3

The electrical systemwascalibrated by inserting an accu-
rately measuredsine-wave signal into each cathode follower and
recording this signal on magnetic tape as the frequency was
varied in discrete steps. An analysis of the tape playback gave
the signal deviation as a function of frequency. This system
calibration produced corrections on the order of ± 0.5 db over
the frequency-measuringrange.

Prefiring and postfiring calibrations were madeusing the
Bruel and Kjaer pistonphonecorrected for the barometric pres-
sure. In somecases the direct output from a channel was too
high or too low to be recorded directly on the tape. In these
cases a signal substitution methodwasused by measuringaccurate-
ly the microphonesystem output for the knowninput, i.e., the
pistonphone. Prefiring and postfiring calibrations were always
within ± 0.5 db.

The tape recorder oscillators were set up before each firing
to ensure maximumdynamicrange. The condition of each system
was determined before each firing by observing the calibration
signal on an oscilloscope, looking for general waveshapedis-
tortion and 60-cycle noise. The tape systemdistortion and cross-
talk were measuredonly at the beginning of the programand were
found to be at acceptable levels. The distortion measurements
were used to determine the maximumsignal that could be fed into
the recorder before a significant amountof distortion was pro-
duced. In rocket engine noise measurements,since the expected
levels can only be estimated, the tendency is to push the signal
level high to maintain a goodsignal-to-noise ratio. The danger
in this lies in a resulting signal level that overdrives the tape
deck and producesclipping with attendant distortion. The dy-
namic range of all channelswas checkedwhenset up at the high-
est expected gain settings. All channels proved to have an over-
all signal-to-noise ratio in excess of 33 db. In most cases the
signal-to-noise ratio during a firing exceededthis value.

Reduction of the traverse microphonedata results in a 1/3-
octave band SPLas a function of time. It is necessary to con-
vert this to a SPLas a function of distance from the nozzle
exit plane to obtain the apparent source location data. If the
microphonetravels at a constant speed, a correlation of the start
and stop positions with time would fix the time and distance
scales. Calibration using a 1/100-sec electrical timer and a
measuring tape proved that the speedof travel had both linear
and nonlinear regions. As a result, two methodsof fixing the
time and distance relationship were used -- the high-speed firing
movie and the velocity calibration curves and a start/stop signal
on the magnetic tape.



V-4 Martin-CR-66-13

• -°

The first method was accomplished by setting striped poles

in line with the camera and at specified axial distances from

the nozzle exit plane (0, 2.5, and 5 ft). Since the camera film

speed can be obtained accurately, the number of frames were

counted between successive pole crossings to determine the trav-

erse position relative to ignition. This method is most accurate

in the region of 0 to 5 ft from the nozzle exit plane.

The second method was accomplished by placing a spike on the

voice channel of the magnetic tape at the microphone start and

stop times. This spike was generated by the same circuitry that

was used to actually provide power to the dc motor driving the

traversing carriage. Since a previous calibration had been made

of the microphone position as a function of time, the time scale

can be converted to a distance scale.

An important part of the data acquisition program was to

acquire meteorological data pertinent to the objectives of the

tests. For example, a contract requirement was that no testing

should be done with winds in excess of 5 knots. A roof-mounted

anemometer was used to obtain local wind velocity and direction

both of which were recorded on a potentiometric recorder at the

time of test.

The local Martin Company weather station provided dry-bulb

temperature, dew point and/or relative humidity, and barometric

pressure corrected to the laboratory altitude at the time of each

test firing. This weather information permitted the calculation

of engine performance and atmospheric acoustic attenuation as

well as ensuring that the contract requirement concerning wind

velocity was met.

A final word about data acquisition procedure. The magnetic

tape recorder was started at T - 15 sec to ensure stable tape

speed and a loop of prefire noise. The high-speed movie camera

was started at T - 2 sec because of film capacity.

B. DATA REDUCTION SYSTEM AND PROCEDURES

The primary data reduction system used is shown in block dia-

gram in Fig. V-5. The Ampex ES i00 was used to play back all

tapes for the overall time histories and to reduce the traversing

microphone data. The Ampex ES 200 loop machine was used for all

i/3-octave band analyses of each data sample. The Bruel and
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Kjaer audio frequency spectrometerwas used for both the overall
and i/3-octave band analyses. Thedata were recorded on the B&K
level recorder. For most of the tests, an unfiltered oscillo-
graphic record wasmadeof each data channel using the CECType
5-119 oscillograph. Thedata reduction system correction is
included in the previously described systemelectrical response.

The data reduction procedures consisted of two steps. The
data were played back unfiltered and recorded on the B&Klevel
recorder and the CECoscillograph as overall RMStime history
and waveformhistory respectively. Examination of these records
was madeto determine the general quality of the signal and to
detect if any clipping or other distortion were present. Corre-
lation of this record with the engine performancedata permitted
a data sampleto be selected during the steady-state portion of
the test. Since the pre-fire noise was also recorded, the over-
all signal-to-noise ratio wasmeasuredat this time. The sample
times were between3.1 and 4.0 sec for all runs and are listed
in Table B-I in Appendix B. After the data samplewasselected,
the i/3-octave band analysis was performed on all acoustic meas-
urementsexcept the traversing microphone. The i/3-octave anal-
yzer was set at a scan rate of one i/3-octave band in four sec.
This scan rate ensured that all data from the samplewould be
used.

_Le statistical accuracy of _ broadbanddata analysis is a
function of the sampletime and bandwidth. For constant percent-
age bandwidth analysis, the lowest frequency band is the most
unreliable. Confidence limits have been calculated from Ref 3
for the lower i/3-octave bandsand a sampletime of three sec.
The results are that 90 percent of the data in the 50-cps band
should lie within -i.i and+1.3 db of the measuredvalue. Since
most of the data samplesused are for longer sampletimes, this
range will decrease. For example, a four-sec data samplewill
give limits for the 50-cps bandof from -i.0 to +i.i db for 90
percent of the data.

Onerun wasused to determine the I/3-octave band signal-to-
noise ratio, and someresults are seen in Fig. V-6. This is the
worst case and showsthat 64 cps is the only band that comeseven
close to a bad signal-to-noise ratio.

The traversing microphonedata reduction wasanalyzed in 1/3-
octave bandsas a function of time. The marking channel on the
B&Klevel recorder wasused to record the start and stop signals
from the tape. Various events can be easily detected on the
overall trace on the B&Klevel recorder. The traverse microphone



V-6 Martin-CR-66-13

is stationary during the start transients, and is activated only
after the engines are running. The events in the start sequence
can be identified and help in the checking of the traverse micro-
phoneposition. TheB&Klevel recorder speedis an important
variable in determining the microphoneposition and, for this
reason, wascheckedby playing an accurate one-pps signal on the
marking channel and running the tape at an indicated speedof
30 mm/sec. This check showedthe B&Klevel recorder tape speed
to be accurate and stable.
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Fig. V-1 Far-Field Microphone System I n s t a l l a t i o n  
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Fig. V-3 Block Diagram of Acoustic Data Acquisition System
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TAPE PLAYBACK DECK
AMPEX ES I00
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Fig. V-5 Block Diagram of Data Reduction System
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VI. RESULTS AND DISCUSSION

A. ANALYSIS AND RESULTS OF ACOUSTIC MEASUREMENTS

The I/3-octave band sound pressure levels were tabulated from

the B&K level recorder traces by taking an average value in each

band where some variation in time was present. These data were

then corrected for the microphone and electrical system responses.

For the frequency range of interest, the sum of these two correc-

tions was important only in the lowest and highest frequency bands

and only rarely had a maximum value as high as 1.0 db. In addi-

tion, the far-field data were corrected for the atmospheric atten-

uation. This correction for a measuring radius of 120 ft is ordi-

narily small if the relative humidity exceeds 50 percent. In this

program, due to the low prevailing relative humidity of the area,

the atmospheric attenuation (_) is unusually large. The procedure

used to get the attenuation values given in Table VI-I were as

follows. The absolute humidity was calculated from the weather

data given for each test in Table B-I of Appendix B. The experi-

mentally determined data from Ref 4 was then used to determine

the attenuation. Ref 4 gives a graphic relationship between ab-

so]ute humidity and attenuation (_) when the maximum attenuation

for a given frequency is known to occur at a given absolute b,lmid-

ity. (This calculation contains an altitude correction due to the

fact that a measured dry-bulb temperature and dew point were used

in obtaining the value of absolute humidity.) The temperature and

dew point were supplied by the Martin-Denver weather station, lo-

cated approximately 1/2 mile from the laboratory where the meas-

urements were made.

The acoustic power level spectrum was calculated for each fir-

ing by integrating the intensity over a hemisphere using the meas-

sured far-field sound pressure levels. A value of PoCo was calcu-

lated for each firing to use in this calculation and was gener-

ally on the order of 33.5 rayls.

The traversing microphone data results are given in Appendix

B in terms of SPL as a function of distance from the nozzle exit

plane. In addition, to determine an effective source distance,

the peak in each curve was noted, and two distances recorded where

the SPL was one db below the peak on each side. This represents

to some extent the definition in determining an apparent source

location and results in an area for each source rather than a

fixed point.
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The acoustic data have been tabulated and summarized in Appen-

dix B in the form of a number of tables listing the power spectra,

the sound pressure level spectra, and the sound pressure distribu-

tion along the stream for each firing. The last measurement was

not obtained on Firings i and 7 due to faulty operation of the

traverse mechanism and on Firing 6 due to a bad calibration. On

three of the firings one or more of the far-field measurements

were lost. When possible (Firings 4 and 7), the I/3-octave band

sound pressure levels were plotted as a function of angle and the

missing data points were interpolated. On Firing i where the 20-

deg measurement was lost, extrapolation was used to obtain the

missing data. These measurements are noted in Appendix B and used

only for the power level calculations.

B. DISCUSSION OF RESULTS

I. Repeatability Measurements

The purpose of repeating the single-engine firings and the

five-engine cluster firings was to determine the repeatability of

the measurement system including the rocket engines. The repeat-

ability in the far-field SPL spectra was !3 db for 95 percent of

the data. Figure VI-I is an example of the repeatability for the

three single-engine firings at the 70-deg measurement point. The

notch in the spectrum is believed to be caused by the ground at-

tenuation discussed in Appendix A. Since the ground conditions

were different for the three tests, the scatter is more pronouned

in this frequency region. The scatter is also larger in the 1250-

to 2000-cps bands, which is the region where a null might occur

due to interference between the direct and reflected wave. This

null occurs in different bands for each test, and this is a gen-

eral result at the other measuring positions. These null frequen-

cies are compared to a calculated null in the 800- and lO00-cps

bands. Apparently the details of the ground surface condition

also affect this null point and make a test-to-test correction

difficult. Finally, a spread in the higher frequency bands is

probably due to an incorrect application of atmospheric attenua-

tion. The values of _ used were checked and no error discovered.

A possibility of error could be in the separation of the weather

station where weather data was collected and the laboratory where

the acoustic measurements were made. This separation distance is

about 1/2 mi and it is conceivable that the temperature and abso-

lute humidity could have been different at the two sites. Other
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comparisonscan be plotted but only one other is shownin Fig.
VI-2, which showsthe repeatability of the five-engine firings
at the 70-deg measuring position also. The point at 400 cps for

Firing 4 has been checked and is correct as presented. Except

for this band, the data repeatability here is considered good.

The smaller measuring angles (20-deg and 30-deg) in general ex-

hibit more scatter thru the larger angles. If these two angles

are excluded, the repeatability at the far-field microphones is

!2 db for approximately 95 percent of the data.

No consideration has been given in these comparisons to the

variation in engine performance and change in total acoustic pow-

er from test to test.

The engine performance varied during the course of a single

firing due to the erosion of the graphite throat. The major

change occurs in throat area, chamber pressure, and exit pressure

(see Fig. IV-13). Since the thrust and propellant weight flow

remain constant during a run, the total acoustic power would not

be expected to change. Further, assuming no effect on directional

characteristics, these propulsion system changes should not affect

the sound pressure levels appreciably. Figure VI-3 is a plot show-

ing a typical test result. The SPL is steady as a function of

time even though the chamber pressure is decaying. It can be fur-

ther concluded that there is no acoustical effect of chamber pres-

sure per se. l--he resulL _howu in Fig. VI-3 is a general one since

none of the overall sound pressure levels indicate a large varia-

tion as a function of time.

A comparison of the calculated power spectra for the repeata-

bility firings is shown in Fig. VI-4 and VI-5. The repeatability

is +1.5 db for all but six I/3-octave bands. Most of these are

in the highest frequency bands where the atmospheric attenuation

correction appears to be at fault.

The near-field data are presented and discussed later in this

section and in general show good repeatibility except for a high-

frequency region dominated by an oscillating pure tone.

2. Comparisons of Power Spectra

The objective of the program was to determine the effects of

clustering on the generated acoustic field of an undeflected rock-

et engine exhaust. One useful comparison can be made by an exami-

nation of the acoustic power spectrum generated by each configura-

tion. These results, presented in Fig. VI-4 thru VI-7, all show
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the effect of the ground attenuation, which makesthe comparison
somewhatdifficult. A numberof conclusions can be drawnthat are
pertinent to the stated purpose of the tests. For ease of com-
parison, a smoothedcurve has been drawnfor each powerspectrum
eliminating the notch causedby the ground attenuation. The curve
was based on the averagemeasuredground absorption curves shown
in AppendixB and so is not without somebasis. Figure VI-8 gives
the results and points up somemajor conclusions. The clusters
producemore low-frequency power than the single engine. Another
way of stating the samefact is that the spectrum is shifted to
lower frequencies for the cluster configurations. There is no
discernible changein the spectrum shapefor the three different
cluster configurations andbut a small increase in level between
the five-engine cluster and the eight-engine clusters. Referring
to Fig. VI-6 and VI-7, the only difference in the powerspectra
for the two eight-engine configurations is a shift in the frequen-
cy of maximumground attenuation; in other words, there is no dif-
ference in the basic spectra. Consequently, both eight-engine
clusters are represented by one line on Fig. VI-8.

Theseresults seemto indicate that the detailed clustering
configurations for multiengine clusters are not an important pa-
rameter in determining the shapeof the acoustic power spectrum.
It is not clear whether a two-engine cluster could be called a
multiengine cluster or would more nearly resemblea single engine.

Figure VI-9 showsan attempt to normalize the power spectra by
plotting on a scale of Strouhal numberusing the effective diam-
eter and the engine exhaust velocity. The effective diameter in
this case for the clusters is the equivalent flow diameter of a
single engine. The correlation of the spectrumshape and peak
frequency is fair with the spectrum so flat that a "peak" frequen-
cy is difficult to define very precisely. In general, the single
engine peaks in the region of a Strouhal numberof 0.03 and the
cluster around0.012. This is in general agreementwith the com-
parisons that have beenmade(as in Ref 5), although the Strouhal
numberhas taken manymodified forms. Similar measurementsmade
on deflected flows (Ref I) have shownthat the powerspectrum
shapeand peak frequency are identical for a single engine and an
eight-engine cluster of equivalent mechanical power. Undoubtedly
the deflector alters the downstreamflow field comparedto a free
jet, and this could be responsible for the difference with the
results of this program.
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3. Conversion Efficiency

Measurements of the total acoustic power produced by rocket

engines in the past have shown that the acoustic power is pro-

portional to the mechanical power of the exhaust stream. The

constant of proportionality is called the acoustic conversion

efficiency (_). The mechanical power of the exhaust stream i_
watts is W = 0.678 F V for the thrust in Ib and the exit ve-

m g e

locity in ft/sec. Since the thrust and propellant weight flow

are measured for each firing, the mechanical power can be calcu-

lated. The ratio of the acoustic power to the mechanical power

is equal to the efficiency of conversion (_). The values ob-

tained for each of the eight programed firings are shown in Fig.

VI-10 as a function of rocket engine mechanical power. The line

is from Ref 6 and was derived by plotting the results from a num-

ber of full-scale and model measurements. The single-engine ef-

ficiencies are seen to be above the line, while the clusters are

in good agreement with the previously determined relationship.

The efficiency is quite sensitive to small changes in the total

acoustic power.

These values are quite close to those obtained by other in-

vestigators. Ref 7 gives efficiencies that range from 0.3 to

0.8 percent for solid-fueled rocket motors in the thrust range

of 1500 to 5000 lb. Ref 8 gives an efficiency of 0.25 percent

for similar thrust range solid motors. Dorland in Ref 9 made

acoustic measurements of an eight-engine liquid-propellant clus-

ter (total thrust of 4000 ib) firing on a deflector and measured

an acoustic power on the order of 0.2 percent of the mechanical

power.

Measurements have been made that indicated clustering reduces

the acoustic efficiency by virtue of the mixing of the exhaust

streams and perhaps in shielding of some of the streams by others.

Although this trend is present (Fig. VI-10) in these data, the dif-

ferences are too small to be significant.

4. Directivity Index

The directional pattern of far-field radiation of a rocket

engine can also be usefully studied to detect changes due to the

cluster configurations. The directivity index (DI) in decibels

is a measure of the departure of the directional pattern of a

given source from that of a point source. In Fig. VI-II, the

overall directivity indices have been plotted for all eight firings.
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The single-engine and the five-engine cluster firings have a peak

positive DI of 4.5 db at an angle of 70 deg from the exhaust axis,

although the five-engine cluster does show a tendency to shift to-

ward smaller angles (notice the crossing points at DI = 0). The

curve widths are about the same in both cases. The two eight-en-

gine clusters are plotted in the lower left corner of Fig. VI-II

and both show a further shift toward the small angles (angles

nearer the exhaust axis). The circular cluster peaks around 55

deg with a peak positive DI value of 4 db, while the S-IB config-

uration peaks at the same value of DI but at a slightly larger

angle. The differences in the overall directivity patterns for

the various engine configurations are small but significant as

shown in the last plot in Fig. VI-II. Here just the smoothed

curves are used to compare the four cluster configurations. Max-

imum Dis are equal for all firings, at about 4 db, while the curve

width and angular position vary slightly. The individual 1/3-

octave band Dis can be plotted similarly and show the shift in

directional patterns with frequency. Figure VI-12 is a plot of four

I/3-octave band Dis for the single-engine and the eight-engine cir-

cular cluster. These curves illustrate the change in the angle of

maximum radiation with frequency. The maximum angle is seen to

increase with increasing frequency from 30 deg (50-cps band) to

90 deg (3200-cps band). At the same time, the maximum value of

the DI decreases with increasing frequency. In comparing the

single-engine I/3-octave Dis with those of the eight-engine cir-

cular cluster, some significant differences are apparent. At low

frequencies, the eight-engine cluster exhibits a higher Q curve

(higher maximum amplitude and narrower) than the single engine,

while the reverse is true at higher frequencies. These compari-

sons show the largest effect at large angles of radiation, which

are most important in determining the acoustic field of the vehi-

cle.

5. Near-Field Measurements

Three near-field measurements were taken on all tests upstream

of and on the vehicle centerline, adjacent in most cases to a sim-

ulated vehicle surface. The measurements made at the nozzle exit

plane (12 in. to one side) are plotted in Fig. VI-13 for the three

single-engine tests and illustrate the general spectrum shape usu-

ally found at this position. The spectrum peaks at very high fre-

quencies because the major high-frequency energy sources are closer

than those of low frequency. The cause of the disagreement at the

very low frequency is not understood. There was an adequate sig-

nal-to-noise ratio for all three firings. The rise of the Firing I
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data also occurs at the 3 D and 16 D positions. The micro-
e e

phones were not moved for the first five engine firings and re-

suited in the positions as indicated in Table B-6 of Appendix B.

The high-frequency peak at five kc is present in varying de-

grees for almost all near-field positions and all firings. It is

even more prominent in the spectra plotted on Fig. VI-14 and VI-

15, which give the nozzle exit plane positions for the three five-

engine cluster (S-IV configuration) firings and the two eight-en-

gine clusters. Further analysis with narrowband analyzers shows

this 5-kc-band peak to be a modulated pure tone that has an un-

steady amplitude with time. The plot on Fig. VI-16 is from the

TP-625 Wave Analyzer System (Technical Products) with the band-

width set at 25 cps. Since the frequency of the pure tone varies

over the time of the data sample (4.0 sec), the tone appears in

different bands and appears on the plot as a band of noise. A

different analysis of the same signal was made by displaying the

filtered signal on an oscillograph. This display permits the fre-

quency to be determined at discrete time intervals over the sample

time of 4.0 sec and results in frequency values from 4900 to 5380

cps. In general, the frequency of the pure tone decreases with

run time (higher values at the beginning of the firing).

This pure tone does not show up on the traversing microphone

or in the far-field spectra except those at 160 and 20 deg. These

two data points do have slightly higher levels in the 5-kc band

on some of the firings. The results seem to indicate the pres-

ence of a highly directional pure-tone source of noise that de-

creases in frequency over the duration of the run. It could be

a combustion instability, but this source appears to be at a high-

er frequency than would normally be expected for this phenomenon.

The characteristics are also reminiscent of the discrete frequen-

cy shock noise of choked cold-air jets. In this phenomenon, a

pure tone, proportional to the nozzle pressure ratio, is generated

and is strongly directional in the 0- and 180-deg direction with

respect to the exhaust centerline. However, this phenomenon has

apparently not been reported for heated exhaust streams. This

pure-tone noise source cannot be readily explained and should be

given further attention.

A smooth curve drawn through the data points from Fig. VI-13

thru VI-15 results in a comparison plot shown in Fig. VI-17. As

before, little difference appears among the spectra produced by

the cluster configurations.
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6. Apparent Source Location

The sources of acoustic energy in a given frequency band are

distributed along the exhaust stream of the rocket engine in some

manner. Turbulence measurements have shown in cold-air jets that

a broadband distribution of turbulent fluctuations exists at any

point in the exhaust stream with respect to frequency. This is

another way of stating that the source energy is distributed all

along the stream length. This distribution of energy for a given

frequency band seems to peak at an axial location along the ex-

haust. Thus, an established concept is to consider the peak in

this distribution as the apparent source location. This concept

has proved useful, particularly in defining the near-field sound

pressure levels.

A number of techniques have been used to determine the appar-

ent source location. Among these are the amplitude correlation

technique, the phase correlation measurement, the plotting of

near-field SPL contours, and the stream traverse. The last tech-

nique was used on this program and basically consists of plotting

the I/3-octave band sound pressure level as a function of axial

distance along the stream boundary for each frequency band of in-

terest. The resulting curves are given in Appendix B. The shift

of the peak toward the nozzle exit plane with increasing frequen-

cy can be seen in these plots.

For each frequency band, two distances (x) were determined,

as described earlier in this section, by using two points on each

side of the peak that were one db down from the peak SPL. The

average of the resulting distances is used in Fig. VI-18 thru VI-

22 as the point with a line connecting the endpoints. This re-

suiting line defines for each frequency band (fde/U) a region

downstream of the exit as the apparent location of the source of

that particular frequency band. The repeatability for the two

single-engine firings and the two five-engine cluster firings is

reasonably good, with more scatter at the lower frequency bands

(small fde/U). This is probably due to the fact that the sound

pressure level was fluctuating as a function of time more at low

than at higher frequency bands and thus tends to obscure the var-

iation as a function of distance.

For all firings, it should be noted that the diameter used is

the single-engine exit diameter. The reason for this is seen in

Fig. VI-23 where a smooth curve is used to represent the single-

engine firings and the two cluster firings for which data were

available. This exit diameter appears to correlate the data
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better than does the effective diameter. In general, Fig. VI-23

shows that few frequency band sources lie upstream of about twenty

nozzle diameters, ranging for the lowest frequency out to about

90 nozzle diameters. The apparent source location data from Ref

i0, where a cold-air jet at an exit Mach number of 2.87 was used,

is shown in Fig. VI-23 as the heavy line. The agreement is good

with the present data taken at a exit Mach number of about 3.5.

Mull obtained the apparent source location using the near-field

contour method. Mayes, Lanford, and Hubbard (Ref 7) used the

same technique and found that, for the solid rocket motors

M -- 2.59 - 4.07) tested, "...the apparent sources of the noise
e

were located 20 or more diameters downstream of the nozzle exit

in the region of subsonic flow." A relationship between the exit

Mach number and the end of the supersonic flow region is developed

in Ref ii. Taking the Mach number for the present tests to be

3.5, this relationship predicts the end of the supersonic core at

about 40 exit diameters. From Fig. VI-23 it can be seen that the

major sources for the single-engine and five-engine cluster do lie

downstream of 40 single nozzle diameters. The curve for the eight-

engine circular cluster lies further upstream.

Previously in this section a correlation was made of the acous-

tic power spectra of the various engine configurations using the

effective diameter of the cluster (De) rather than the single-en-

_np p_t diameter (d _ Why the correlating parameters should
........ _ el "

be different for the power spectrum and the apparent source loca-

tion is not known. Perhpas a more sophisticated correlation, tak-

ing into consideration other exhaust stream variables would be the

answer.

These apparent source locations are quite different from the

values obtained on subsonic jets and jet engines as well as quite

different from the theoretical predictions. Different results are

also obtained if the amplitude correlation method is used with the

present near-field data. The sources are all moved much closer to

the nozzle exit plane. The reason for this is believed to be the

fact that the sound pressure level distribution for a given source

is such that sources close to the exit (and the microphones) con-

tribute more to the vehicle microphone sound pressure level be-

cause of the short source-to-receiver distance rather than because

of the highest intensity region.
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Table VI-I Atmospheric Attenuation (6) in db/120 ft

Frequency

630

800

I000

1250

1600

2000

2500

3150

4000

5000

6300

8000

10000

Program Firing Number

I 2 3 4 5 6 7 8

0.2 0.2 0.3 0.2 0.3

0.3 0.4 0.2 0.6 0.5 0.4 0.5

0.4 0.6 0.2 0.3 0.9 0.9 0.7 0.8

0.6 0.8 0.3 0.5- 1.3 1.2 1.0 i.I

0.9 1.2 0.5 0.7 1.6 1.6 1.5 1.5

1.3 1.7 0.8 1.0 2.0 2.0 2.0 1.9

1.7 2.3 1.4 1.3 2.3 2.4 2.4 2.4

2.4 3.0 2.0 I 9 2.6 2.7 3.0 3.0

3.2 3.6 2.6 2 5 2.9 3.0 3.4 3.5

4.8 4.3 4.2 4.1 3.2 3.2 3.7 3.8

6.4 5.1 6.4 6.2 3.6 3.9 4.4 4.5

6.9 5.3 7.9 7.9 3.6 3.9 4.5 4.7

8.4 6.3 10.2 10.2 4.3 4.6 5.4 5.5
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FIGURE lTr. :3

COMPARISON OF CHAMBER PRESSURE, THRUST

8= OVERALL SOUND PRESSURE LEVEL AT 70 °

(PROGRAM FIRING NO. :3)

pSi(I, CHAMBER PRESSURE, Pc
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1400 u

I000

-380 u

o ,.oL
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i

130
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FIGURE Yr.9

NORMALIZED POWER SPECTRUMS

.SINGLE ENGINE

---FIVE ENGINE CLUSTERS
(S]Z: Conf.)
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FIGURE "or. I0

ACOUSTIC EFFICIENCY

AS A FUNCTION OF

ENGINE MECHANICAL POWER.

0.1 m

PROGRAM F I I G S

6 5 8
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Vll. RECOMMENDATIONS

If the peak frequency of a cluster of engines is a function

of the effective exit diameter, the frequency change between a

five-engine cluster and one of eight engines would be about 2T%

or one I/3-octave band. Due to the flat characteristics of the

acoustic power spectra of rockets, this change might not be de-

tectable. The frequency shift from a five-engine cluster to a

twelve-engine cluster would be about 56%, a change that should

be detectable. For this reason, it is recommended that the test-

ing program be continued to include twelve-engine clusters in

various configurations• Further data could be gathered on the

near-field pure tone phenomenon to determine the source and func-

tional dependence on the engine configuration. The changes in
directional effects as a function of cluster size could also be

further investigated•

A method for determining the effective source power distribu-

tion in the stream would represent a significant contribution to

the understanding of the relationship between the exhaust stream

noise sources and the near-field noise field• For an extended

source that is present in the rocket exhaust stream, the concept

of apparent source location is not completely useful in describing

the vehicle sound pressure I ....I_

The ground effects encountered in this measurement program,

as well as in others, point up the need for a better understand-

ing of the phenomenon, particularly for small source-to-receiver

distances• The effect of the ground plane impedance in determin-

ing these ground effects should be investigated for both the ground

attenuation phenomenon and the ground reflection effects. The

assumption of a hard boundary surface for measurements over the

ground is apparently not always accurate. A study, both theoreti-

cal and experimental, should be undertaken to establish the rela-

tionships involved between the geometry and the ground plane im-

pedance.
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A. INTRODUCTION

Two major effects of the gzound plane are discussed in the

literature. One concerns the ground absorption or the decrease

in sound pressure as a function of source-to-receiver distance

due to propagation close to the ground plane. The frequency at

which this effect occurs seems to be a function of the geometry,

i.e., source and receiver heights above the measuring plane and

source-to-receiver distance, and the ground acoustic impedance.

The magnitude of the absorption curve is closely related to the

ground-cover or, more generally, ground-plane impedance.

The second ground effect is caused by the reflection of the

acoustic waves from the rigid boundary. When the reflected and

direct wave at a given frequency are 180 deg out of phase, a null

exists at the measurement point. The magnitude of the first null

is a function of the ground-plane reflection coefficient and band-

width of the receiver.

It is generally felt that, for small source-to-receiver dis-

tances, the latter phenomenon is the important one to consider.

In this region, the ground absorption is considered small and in-

significant. For greater distances from the source, the ground

absorption becomes an important factor in accounting for the

source energy, and the reflection effect is small, because at very

large source distances the phase change between the reflected and

direct wave is small.

Both of these ground effects were encountered to some degree

in the measurements discussed in the main body of this report.

The ground absorption was more troublesome in that it was unex-

pected at this close measuring distance and shows up quite markedly

in the data. The ground reflection is a smaller effect, and

therefore the absorption phenomenon is discussed more fully here.

A review of the literature has shown that this specific subject

has been treated analytically (Ref 12 and 13) as well as experi-

mentally (Ref 14 and 15). In a number of other acoustic measure-

ment programs, the phenomenon has been encountered in presenting

the data. This appendix has been written to summarize the results

of other workers and to present the measurements taken during this

program. The evidence indicates that the absorption by the ground

plane for small source-to-receiver distances deserves more atten-

tion.
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B. THEORETICAL RESULTS

The theory of sound propagation over an absorbing boundary is

given in Ref 12 and 13. The reader is referred to these publica-

tions for a detailed review of the theory. The resulting equa-

tions require a knowledge of the geometry involved as well as the

acoustic impedance of the boundary surface. In the special cases

treated, the boundary impedance is usually given an assumed value

independent of frequency.

Approximations to the exact theoretical relationship are given

in Ref 12 for some special cases. One case of interest assumes

a ground cover (such as long-stemmed grass) that approximates the

normal impedance boundary condition; certain values of the specific

impedance (sin _ << _ << 1/sin 4); and a large measuring distance

(Kr >> i). Ref 12 gives an approximation for the terrain loss as:

Terrain loss = 20 log r__, [A-I]

r I

where

2

rI - 4_ 2 (h + H) + --

The maximum terrain loss occurs where r I is a minimum or where,

_ 2_ h_/_ [A-3]

These relationships, although restricted in application, show that

a curve of ground absorption as a function of frequency is fairly

broad with the frequency of maximum attenuation a function of

source (h) and receiver heights (H), and the boundary specific

acoustic impedance (_). Eq [A-3] accounts for some of the experi-

mental results, as will be shown later. It tells, for example,

that lowering the source height (h) or receiver height (H) in-

creases the frequency of maximum attenuation. It shows also that

increasing the specific acoustic impedance results in the maximum

attenuation shifting to a higher frequency. The difficulty in

application of these results is the lack of knowledge of the

specific acoustic impedance of the boundary plane. The usual ap-

proach in comparing with experimental data taken over the ground

is to assume a constant value of _ as a function of frequency and

further to obtain this value by working backward with the measured

value of _ and Eq [A-3].



Martin-CR-66-13

APPENDIX A



L °

Martin-CR-66-13 A-3

The ground absorption is not like the well-known atmospheric

absorption in its variation with distance. While the atmospheric

attenuation is expressed as decibels loss per unit distance, the

ground absorption is shown in Eq [A-1] to be proportional to 20 log

r. For a given frequency, source and receiver heights, and boundary

impedance, the value of r I is fixed, and the terrain loss is equal

to 20 db/decade change in r. This loss, it should be remembered,

is in excess of the inverse square loss which is also 20 db/decade

change in distance, resulting in a total loss of 40 db per decade

of distance.

The authors in Ref 12 state that for small values of r (less

than rl) the terrain loss is not significant and can be ignored.

A number of cases in the aforementioned references have suc-

cessfully applied the theory to explain a given piece of experi-

mental data. In general, though, the lack of detailed knowledge

about the acoustic impedance of the ground has hindered the valida-

tion of the existing theory. The variation of the impedance as a

function of both frequency and angle of incidence is perhaps im-

portant in making the theory generally applicable.

C. OTHER EXPERIMENTAL DATA

Of the experimental work in this area, Howes' report showed

that the ground absorption is evidently significant over distances

less than 200 ft from the source. Ref 15 gives Howes' results in

the form of the curve shown in Fig. A-I. This curve was derived

from data collected over a grassy plane for source-to-receiver

distances of from i0 to 200 ft. The noise source, a cold-air jet,

was I0 ft from the ground and the measurements were recorded at

a distance of I0 ft above the ground plane. This curve shows the

measured decay rate for i/3-octave bands of noise with the inverse

square law decay as a reference. The points making up the curve

were established by plotting the SPL in each i/3-octave band as a

function of distance from the source and drawing a line tangent to

the peaks of the resulting curve. The fluctuations (peaks and nulls)

were caused by the reflection phenomenon. The author proposes

that the increased decay rates might be caused by the measure-

ments being taken in the near field, and the low frequency de-

creased decay rate might be due to the extended source distribu-

tion. It seems more likely to be due to ground attenuation in

the light of other comparative measurements. The ground absorp-

tion is seen to be a function of rx being approximately r 0"8 for

320- and 400-cps bands. This is close to the theoretical approxi-

1.0
mation of r . This loss, coupled with the inverse square law

drop gives the SPL decay as
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SPL _ 20 log (rr-E-_ [A-4]

The frequency of maximum attenuation occurs in the 320- and 400-

cps bands giving h of about 3.2 ft. This measuring distance (200
m

ft) pushes the limits of applicability of Eq [A-3] but gives a value

of the specific acoustic impedance of 19.7 using that relationship.

A large quantity of similar measurements have been taken by

Parkin and Scholes and published in two reports, Ref 15 and 16.

These measurements were taken 5 ft above the ground plane using

a jet engine as a noise source, 6 ft above ground. The data were

taken over a grassy plane (2-in.-high grass) at distances up to

3600 ft from the source. The two reports give the results of

similar measurements at two different sites. The data were ana-

lyzed in i/3-octave bands, and, after accounting for the loss due

to atmospheric attenuation and inverse square law drop, the data

were plotted as attenuation as a function of frequency. The au-

thors attribute this attenuation to ground absorption. For the

purpose of this discussion, the SPLs for the neutral temperature

gradient and zero vector wind were plotted as a function of dis-

tance from the source using semilog paper. The SPL decay could

be approximated by a straight line through the data that measure

the decay in excess of inverse square and atmospheric absorption.

In some cases, the last point (at 3600 ft) was below the approxi-

mated line. Taking the slope of these decay lines, the points

were plotted on Fig. A-I for comparison with the curve given by

Howes. In general, the two sets of data agree except that Parkin

and Scholes' data produce a broader attenuation curve. This re-

suit is predicted by Ingard in Ref 17 where the width of the curve

increases as the distance from the source is increased. It will

be seen shortl_ that this is a general trend in the experimental

results that have been collected.

An interesting comparison can now be made between the theory

(approximation at large measuring distances) and Parkin and Scholes'

data. Specifically the measured terrain loss (from Ref 16, p 358)

at a distance of 1140 ft has been plotted in Fig. A-2 with the

other geometry listed. Taking the frequency of maximum attenua-

tion to be about 640 cps and working with Eq [A-3] the specific im-

pedance of the ground is about 19.4. (This agreement with the

impedance value calculated from Howes' measurements should be

noted; both are over a grassy plane.) The curve in Fig. A-2 was

then calculated using Eq [A-2]. The agreement is very good con-

sidering the experimental data scatter. The measured maximum

attenuation and the curve width agree quite well with the calcu-

lated values.
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Both Parkin and Scholes' reports contain a wealth of data for

various wind conditions and temperature gradients and give a good

description of the ground plane in both reports. In Ref 16, the

effect of source height is briefly explored as well as data meas-

ured with 6 to 9 in. of snow on the ground. When the source

height was placed at 2, 6, and 14 ft above ground, the attenua-

tion curves (measured at 640 ft) showed that the frequency of maxi-

mum attenuation was in the 800-, 320-, and 250-cps bands, respec-

tively. This trend is predicted by Eq [A-3], although the magnitude

of the measured change is larger than expected. The lower source

height also produced a broader attenuation curve. The effect of

the snow on the ground plane was to lower considerably the fre-

quency of maximum attenuation at all measuring distances from

114 to 3600 ft. If the procedure used to determine a value for

the specific acoustic impedance is the same as before, a value

of 3.24 is found from a frequency of maximum attenuation of about

ii0 cps measured at 1140 ft. This value will be compared later to

data taken on this program with varying snow depths.

The ground attenuation is measurable at the closest (114 ft)

measuring distance, and the frequency shift produced by the snow

is also quite noticeable at 114 ft. This shows, as does Howes'

data, that the ground attenuation is significant at small source-

to-receiver distances. The maximum attenuation measured at 114

ft by Parkin and Scholes was about 3 db. This is small but still

significant considering _^ -^i._.._I.. high =p=_r _rn,,_ im-

pedance calculated for the existing boundary. The maximum attenua-

tion measured at 114 ft with snow on the ground was about 7 db,

which indicates significant reductions for small values of z/pc.

Weiner and Keast in Ref 18 report typical measurement results

of the phenomenon in octave bands. Wide filtering apparently tends

to obscure, to some extent, the terrain loss at distances close

to the source. This report finds, for example, for downwind propa-

gation, no terrain losses up to a value of the frequency times the

measuring distance of 4 x 105 ft/sec. At this point a break occurs

resulting in an unexplained loss of 3 db/double distance. The

data were measured out to a frequency times range of 1.8 x 107 .

The actual maximum measuring distance was about one mile. For

the lowest octave band (300 to 600 cps), a pseudoshadow zone for

downwind propagation was the suspected cause of an anomalous SPL

loss close to the source.
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the far-field i/3-octave band SPL spectra in Ref 19. These spectra

are reproduced in Fig. A-3 for the SA-T-01 static firing (a two-

engine test) at four measuring distances. Beyond about 170 ft,

the boundary is a grassy plane with the receiver heights at 6 ft.

The source height is unknown but, based on the deflector design,

is estimated to be about i0 ft. The wind during the test was re-

ported to be i0 mph SSE. This would put the measuring angle (60

deg from the deflected stream centerline) used in Fig. A-3 almost

directly downwind. The SPL in various i/3-octave frequency bands

were plotted as a function of distance on semilog paper to obtain

the SPL decay. The author gives no atmospheric loss correction,

so for frequencies less than 600 cps, this was taken to be negligi-

ble for the meteorological conditions at the time of test (60°F,

assumed high relative humidity). After accounting for the inverse

square law drop of 20 db per decade of distance, the excess decay

as a function of frequency was plotted on Fig. A-I for comparison

with the other sources. The maximum decay rate and the curve width

agree closely with the results of Howes. Again using Eq [A-3],

the specific acoustic impedance can be calculated by observing

the frequency of maximum attenuation (about 320 cps) and assuming

a source height of about i0 feet. This calculation results in a

value of 13.8 for the ground impedance.

The spectrum taken at 150 ft on Fig. A-3 shows no character-

istic dip around 320 cps. The reason would appear to be that

from 150 ft in toward the engines, the ground plane is composed

of a prepared surface of some type (from a photograph and drawing

in the referenced report), possibly asphalt. The measurements

made during the eight-engine firing show that this ground loss

is less evident at the same measuring points. This may be the

result of an effective increase in source height. The flame

bucket for the eight-engine firing deflects the exhaust up at an

angle of 30 deg from the horizontal. Eq [A-1] and [A-2] show that,

other things being equal, an increase in source or receiver height

will decrease the maximum attenuation. (The maximum attenuation

occurring when the last term of Eq [A-2] is zero.)

A number of measurements concerning the terrain loss phenomenon

made by Sieg, Schilling, Eyring, Hayburst, and Ingard are referred

to in Ref 12. Other examples are found in outdoor measurement pro-

grams not specifically concerned with propagation effects as in

Ref 20 and 21.



• 0

M_rtin-CR-66-13 A-7

D. MEASUREMENTS ON NAS8-20223

The ground attenuation experienced during the present program

was unexpected due to the small source-to-receiver distance in-

volved (120 ft). When the test data revealed the presence of an

anomalous loss of energy over a fairly narrow bandwidth, the test-

ing program (rocket engine firings) was proceeding at a fast pace.

Consequently, in retrospect all test data that could have been

used to good advantage to account for the ground attenuation were

not acquired.

Test data for a number of ground conditions were taken using

a loudspeaker as a source, mounted 6. ft from the ground plane.

(The ground plane is composed of compacted dirt with no vegeta-

tion.) i/3-octave bands of random noise were obtained by filter-

ing the output of a random noise generator with a variable band-

pass filter. All measurements were also made 6 ft from the

ground. A monitoring microphone was placed i0 ft from the speaker

to maintain a constant level as the speaker frequency response

varied. The procedure consisted of setting the speaker output so

a constant SPL was maintained at the 10-ft radius while the band-

pass filter was changed to pass successive i/3-octave bands of

noise. A hand-held B&K sound level meter was used to measure

the SPL at distances up to 120 ft away. The holder of the meter

stood at 90 deg to the line connecting the source and receiver.

The inverse square law drop and atmospheric a==enuation were ual-

culated from i0 to 120 ft to determine the SPL that would exist at

120 ft without the ground plane present. The difference between

the calculated level and the measured value at 120 ft is taken

as the ground effect. This procedure assumes that (I) the monitor

point (i0 ft) is in the far-field of the speaker and (2) that there

is no ground attenuation at i0 ft from the source. Assumption

(2) is probably valid while (i) is not for all frequencies. The

results of these measurements are shown in Fig. A-4 for four ground

conditions. These data were taken in hopes of acquiring a cor-

rection for the measured rocket noise spectrum. An interesting

effect is the shift in maximum attenuation frequency with chang-

ing ground conditions. Use of Eq [A-3] to determine a specific

acoustic impedance of the ground based on the frequency of maxi-

mum attenuation is shown in Table A-I. (The conditions required

in the original approximation are probably not completely satisfied,

but the results are interesting for the purpose of comparison.)

Along with the frequency shift, the decreased attenuation with in-

creasing z/pc values are also expected from Eq [A-2], where r I in-

creases (and therefore terrain loss decreases for a given r) wit_

increased specific acoustic impedance.



A-8 Martin-CR-66-13

• °-

Maximum At tenua tion

Ground Plane F _m (ft) Z/PoC °Condition max

5 in. of Snow

2 in. of Snow

Dry Ground

Wet Ground

160

200

400

5OO

7.05

5.64

2.82

2.26

5.35

6.7

13.1

16.7

The angle (re the engine exhaust centerline) at which the

measurements were taken is listed on Fig. A-4. When the measur-

ing plane was uniformly covered with snow the measurements could

be repeated at various angles. When the plane was dry, however,

the measured data differed significantly at different angles. In

other words, the ground condition varied enough at different angles

(8) to produce a change in the ground attenuation. Finally,

changes were noticed in the rocket noise spectrum at the same angle

when the ground became frozen in the latter part of the test pro-

gram. To what extent the near-field of the speaker alters the

data is unknown. Later measurements, in which the decay of the

SPL as a function of distance was measured at lO-ft intervals,

show the data at distances less than 25 ft to decay less rapidly

than at longer distances. These measurements made with dry-ground

conditions (although frozen below i in.) are similar to Howes'

data (Ref 14) and are plotted on Fig. A-I for comparison. The

decay rate is based on the measurements between 30 and 120 ft.

The data points, given on Fig. A-I are not consistent with the

measurements on Fig. A-4 because of the decreased decay at small

distances from the source. This makes the absolute magnitude of

the curves in Fig. A-4 somewhat in question. It is interesting

to note though, that the attenuation measured as shown in Fig.

A-4 is very close to the magnitude of the dips in the rocket noise

spectrum.

A soils engineer inspected the ground plane before the decay

measurements were made over the dry frozen ground, and the results

are summarized here for the purpose of including all relevant in-

formation.
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The ground surface slopes gently to the northeast• Surface

materials consist of silty and sandy brownish red clays, with con-

siderable amounts of dark silty topsoil in many places. The area

was built up as a controlled fill in August 1965, and all mate-

rial was compacted with a sheepsfoot roller. No moisture control

was exercised during the fill placement. The loading imposed by

the sheepsfoot roller is unknown.

At the time of the inspection, the ground surface had recently

thawed to a depth of approximately 1/2 to i inch. The surface

unfrozen material appeared to be at a moisture content of approxi-

mately 15 percent of dry weight. The material below the surface

was frozen, presumably to local frost depth, and could not be

penetrated more than 1 1/2 inches by a 180-pound man with a 12-

in. screwdriver.

A perceptible difference was noted in the nature of the sur-

face materials east and west of the graveled driveway. The western

area (e > 90 deg) surface was a desiccated sandy brown-red clay,

with drying cracks evident to an observed depth of about 1/2 in.

The drying cracks were usually i/8-in, wide, or less. The mate-

rial was hard all the way to the surface. Probable dry density

of this material was ii0 to 115 psf.

The gravel driveway separating the east and west area was of

reasonably well-graded river gravel of 3/4- to 1-in. maximum size.

Gravel particles were subrounded to rounded, and were well com-

pacted in a matrix of about 20 percent fines.

The eastern portion (e < 90 deg) of the ground surface was a

silty and sandy red brown clay, with up to 50 percent of dark

silty topsoil. Average dry density of this material appeared to

be 90 to i00 psf. No alligatoring or drying cracks were observed

in this area. The ground surface was notably fluffier, due prin-

cipally to the high silt content of the soils in this area.

The rocket noise spectra and the ground attenuation measure-

ments of this program have shown that the ground effects change

in detail from one test to the other. These changes and the in-

ability to account exactly for the differences made the applica-

tion of the data in the form of a correction to the measured

rocket noise spectra difficult. A possible cause is the changing

ground condition. One possible factor not discussed or measured

is the temperature gradient occurring at the time of each test.

Also, during the program firings, wind velocities up to 5 mph

were permitted and were usually present during the firings with

some variation in direction from one firing to the other. Finally,

with the speaker measurements, the source directivity and absolute

sound pressure level were not equivalent to those with the rocket

engine firing, and this could be a factor.
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The conclusions that can be drawn at this point are:

i) The ground attenuation or terrain loss can be signifi-

cant for short measuring distances and small source

and receiver heights;

2) The specific acoustic impedance of the boundary plane

is an important factor not only in fixing the maBni-

rude of the terrain loss but also in determining the

frequency distribution;

3) Proper choice of source and receiver heights can mini-

mize the effect in measurement programs where it is a

disturbing factor.
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Fig. A-2 Comparison of Theoretical with Measured Data (Parkin & Scholes, Ref 17)



"'," - Martln-CR-66-13 A-13

- , •

; ; :1 i !!i • i|i 'i!:; : ; i ; I ', : ! ' "_: ±I _. :I _ if.: I. : '_ _L: : _, ,Ii: : .... I

' I . '| ' , " ' ! ' ' ' _ i I ,.- I I ' : _ , ! i ' :

!.--_-----L__:_,..,___L,.______Z__+....._______.___
! I :,_ _I _; .../_i_;l ',i '! ',,_,
c-_-_-_---_--;-_.----! -_-- _-:-_-_-- ;.-:- ZT--_--_._ ........ t-----_-_l-.-4-._ i
_, i/ , 'I: I , T.I',I z !I ';_I,:' ;i!
p_------l-_--,--l-- _-_-t--_ ;-..- C_---_-. f-L-:A • t --P'--fT-+- : : i _

_: 'L ' ' / ; _ ; ' : ! , : , *-- ' : : : : ! ' : _ : i i i

F-r-?-_--F--i:;T-_-_-:-_f---_:-i_--:_-,-T-_-:-zla---_-.-? ?_....;.,

' _ "_i"...... "t-'l-+'--_'t ...... ---_--_ -:-'I_I_-iL:I.--T_-.-f--P---, . .

____,_:__--.-___ _I_LA.:_-=---@O+ '--[_I.-_-;-L_!'-4) i'

, , • : , i _ : i _ ; ''-,'R i ' -

! ! _ i , i j T

-. _LLL-L _.<t+_t7___

- '. , : M 'P_! , _ 1 ' , ' ,,l_ , I , ;

1 i ! ' "_ T, 'I I I'_ I

I ; , _ _ i[%1 ' -_: • I , , T_., , I '
, ,_li:i. I i i I L_tl:)i%! .lli'J I i i 1 _l._,_!i_li : i i i : _ : I i ;

;;i: i _ :! iI"_',"_'_L :"R!:i. Ji!j;"V" ii i _i I
', i ; 11 ; i : i '. : I I !_i _l. ".l_i..,_ ] , iI '. ; I ! i i !
: ' ' i', : ' . ' i '' :

• ,-t-_ ....

' _' 't; -, ' ' ' I- "F'-?'-". ' . , ' , . ....,I , :1 _ -I :i I
i ' t ' " : 1 " " I i

I " • ; • • i _ : [ l t tI 1 , , I .... i , , , t,,.I _ ! Ii , i I, ! !
l II !1 !f '.1 _ I _ ',1' i _ li'il I

i Iti i !111 I 1il _ il!llli I , :I1: i; ill;
i I ' I * ' " I i ': " ; ] I t

,l:llij,, _!,il ,ill ,ll i _]tt ;l',!, i_l_
r I -: I " r i _ ,, I I , I I

i 1 ! Ii I _ ill , " " It ,ll,_]_ l,,lll,_,!:,, i,l]:!_illl,_,, ,],,
0 0 0 0
I_ _ -- 0

[,lO¢ld i_O00"O :lltl qP) 87_1810_Q NI $73A_7 :zansszaa ONrlOS

,:! :lil

.i _ i,!
,: i i

:ii_ 7

i'
; iJ i _
I : : i

i:!i I_ii
ii,i ....

. i , I ! _ '

:=ii :;!1

_!i l:;]

I I

i_l! !
I i
ill. I:

,;i! i!,_
I ! " _ I t I :

,;I, J!"tii i il!,

tiil '"i

iil :,;i
I t I i 1 ! I I

[_,il lli
flit i!il

i;ii _ !
i ', I ; ! I i !

Ill i i
lli! _t,I

ii _iii
]lil !iii

' ' i i i i

I ! ! i : i ] I
' I : i I I I
! !li_

lill t,1!

QNV8 3AVIDO
i

9,

l:3..,¢

Z _"

,,,&

,,M

4.1

IJ

1
q4

IJ

cn_r

>- ¢/'J

ii ,e
_z IS I,.i =I

oJ o _

Z I, _J_
0 -I i'-- _ .u

...¢M] , o

-0 Z

--'-1" 1
J0-

," _io r_

"'- " "0"

/ ..J II n n ii

/0 .- _. I. i.
/_ I I , '



A-14 Martln-CR-66-13

• , °o

O

GROUND WIND

CONDITION _ SPEED
,Ik- 5' of Snow :35=- 125° O

El - 2" of Snow 90 ° 0

GROUND •- Dry Ground 35 ° 0

ATTENUATION,
db <>- Wet Ground 35 ° 0

+1

-I

,,I , i l ll''''l I I I '

I O0 200 500 1000 2000

FREQUENCY, cp$.

I
5OO0

Fig. A-4 Ground Attenuation at 120 Feet
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B-2

Martin-CR-66-13

Table B-2 i/3-0ctave-Band Sound Power Level in Decibels (in db re. 10 "13 watts)

Program Firing Number

i iFreq I 2 3 4 5 6 7

50

63

80

I00

125

160

200

250

315

400

5OO

630

8OO

i000

1250

1600

2000

2500

3150

4000

5000

6300

8000

I0000

OA

142.5

144

148.5

149

150

152.5

151.5

149.5

146

146.5

153

156.6

159.5

159.5

156

156.5

159.5

156.5

159.5

157.5

158

157.5

156.6

156.5

169.5

141

143

146.5

148.5

150.5

152.5

152.5

152.5

149

147

151

155.5

158

160

159.5

156.5

158

160.5

158.5

158.5

158.5

158

157

156.5

170

142

145

148.5

150.5

152.5

154.5

153

152.5

149.5

150.5

154.5

158

160

160

157.5

158

161

158.5

161

159.5

160.5

160

160

160

171.5

157.5

159

160.5

162

162.5

163.5

165

163

161.5

157

160.5

163

165.5

165

162

161

164

162

162.5

161.5

162.5

162

162

162

176

158

160

162.5

163

162.5

164.5

164

161.5

161

159

161

163

165

165

163.5

161.5

163.5

163

162

161

161

159.5

158

157

176

157

159.5

161.5

161.5

162

164

164

162.5

161.5

160

160.5

163

165

164.5

163.5

162.5

162.5

163

162.5

162

161.5

160.5

160

159.5

176

159.5

162.5

163.5

164

162.5

163.5

164.5

162.5

161.5

158.5

162.5

164

165.5

166

165

162.5

164.5

163

163

162.5

162.5

161.5

161

159.5

177

8

159

161.5

163.5

163

164.5

165

167

163

164

163

161

160

162

164.5

165

163.5

162

164

164

163.5

163.5

162.5

161.5

160.5

177

#.



Martin-CR-66-13 B-3

Table B-3

Program Firing No. 1

Center

Freq.

cps

5O

63

8o

1OO

125

160

2OO

25O

315

4OO

5OO

630

8oo

lOOO

1250

1600

2OOO

25OO

3150

4OOO

5OOO

6300

80oo

10000

OA

I/3-Octave-Band Sound Pressure Levels in Decibels

(db re: 0.0002 _bar)

Single Engine

Sample Time 3.5 Seconds

20 o 30 ° 40 o 50 o 60 o 70 o 90 °

120' 120' 120' 120' 120' 120' 120'

125 ° 160 ° D 3 D 16 D
e e e

120' 120'

99 98 96.5 94.5 91 90 86

loo 99.5 98 98.5 94 92.5 88

lO5 lO4.5 lO3 lOl.5 98.5 96 9o.5

lO4 lO5 lO3.5 lO3 lOO.5 98 92

ioi lO4.5 lO3 lO5 lO3.5 lO2 95

94 lO2.5 lO3.5 llO.5 107 103.5 96.5

90 98

90.5 96

85 91

92 95.5

93 98

98.5 102

104 107 107 103.5 97

iO1 lOO 105.5 104.5 96 93

96 99.5 iO1 lOO 93.5 90.5

99.5 101 98.5 lOO 96 90.5

103 106 106.5 108.5 102 91

105 109 i10.5 113.5 105 93.5

97 102.5 107 i10.5 i13.5 116 107.5 97-5

98.5 lO1.5 105.5 110.5 ll3 115.5 107 99.5

96 98.5 103 112 108 110.5 105 99

95.5 98 lOl 106.5 108.5 ill 108 97

96

95.5

lO0

I00

102

103

103

103

113.5 ll5

i00 103.5 108 111.5 114.5 lll.5 103.5

98.5 101.5 104.5 107.5 i10.5 109

I01 102.5 106.5 i10.5 113 112

100.5 102 105.5 107 ili.5 109

103 104.5 106.5 108.5 lll

86.5

88

89.5

91.5

92 89.5 121

94 90 121

94.5 89 121

88.5 121

103.5 104 107 108 IiI

103.5 103 105 107 llO

103.5103105 I06._ Ii0

117 120.5122 124

84.5 124 ll4 106.5

85 123 113 104.5

87.5 122 113 105.5

87.5 121.5 112.5 107.5

112.5 llO.5

113.5 IIi

ll5 ll2

i15.5 i14

86.5 122 117 114.5

86 125 120.5 114

87 127.5 123 117

89 la5.5 121.5 "_

90.5 126.5 122.5 i16.5

91.5 128 123 116.5

92.5 131 125.5 118.5

93 132 128 120.5

94.5 134.5 132 122.5

103 93.5 136 132.5 123

105 97.5 137.5 134 125.5

104.5 98 139.5 135 127.5

109 106.5 102 143.5 140 133

109 106 lO1 142.5 139 132

107.5 103.5 99.5 143 138.5 131

1o_oZ 1o_i . ioo  139.513o.5

120 114.5 109 150 146.5 139

"Extrapolated Data, See Text



B-4

Martln-CR-66-13

Table B-4 I/3-Octave-Band Sound Pressure Levels in Decibels

(db re: 0.0002 Bbar)

Program Firing No. 2

Center

Freq.

cps

5O

63

8o

lOO

125

160

2OO

25O

315

4OO

5OO

630

8OO

lOO0

1250

1600

2000

2500

3150

4OOO

5OOO

6300

8000

lOOO___ o
OA

Sample Time 4.0 Seconds
Single Engine

20 @ 30° 40 ° 50 @
120' 120' 120' 120'

95.5 96.5 96 94

97 99 98.5 96

99.5 102 102.5 99.5

60 @ 70 @ 90 @ 125 @ 160 @

120' 120' 120' 120' 120'

90.5 87 85 85 85

92.5 90 88 87 86

97.5 94.5 90 89.5 88

93

95

104 95.5

104 98

106.5 98.5 94

104 97.5 93

102 95 92

106.5 98.5 90.5 89

ii1.5 104 91.5 90

107.5 94 90

109.5 97.5 90.5

i10.5 99

lll 109.5 99.5

Iii ili.5 98.5

103

IO1.5 104 104.5 101.5 1OO.5 97.5

102 104.5 104.5 105.5 103.5 i01.5

101.5 103 104

99.5 98.5 104

95 95.5 iO1

88.5 91.5 96.5

88 93 96

91.5 97 IO1

95 99.5 104.5 107

108 108

108 108

102.5 109

98.5 105

99.5 100

105.5 103

108

95.5 100.5 105.5 109.5 111.5 114

93 99.5 104.5 109.5 I12 116

92.5 98 102 ll4 llO 114

92

94.5

94

95.5

93.5

95.5

95

94.5

96.5 1OO 104.5 106

97 102.5 106.5 llO

97.5 102 106 108.5 112.5 ll5

98.5 102.5 105.5 108.5 110.5 I12.5 103.5

97 101.5 104.5 107 I10.5 112.5 105

97.5 102.5 104.5 107.5 Ill

98 102 105 107 109

97 iO1.5 104 106 108

no.5 113 116 12o

D 3D 16D
e e e

i17 107 98.5

116.5 lO7 98.5

I16 109 lO2.5

91 88.5 ll6 lll 106.5

92 90.5 117.5 i13 110.5

93.5 91 i18 114 110.5

95 91 i19.5 I17 lll

90.5 121 118 115

90 121.5 119.5 iZ5

88.5 124 121.5 ll4

126.5 122.5 117.5

128 124.5 I18

129.5 125.5 i18

111.5 106

112 105.5

i10.5 104.5

131.5 126.5 i19.5

92.5 133 131.5 121.5

93.5 137 135.5 122.5

93.5 138.5 135 123.5

92.5 140 135 123.5

97.5 140 136 121.5

96.5 142 136.5 123.5

98.5 144.5 142.5 124

99.5 144 137 122.5

98 144.5 137.5 121.5

11o 99 144.5 121
121 123.5 122.5 i14 108 152 147 133.5
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Martln-CR-66-13 B-5

Table B-5

Program Firing No. 3

Center

Freq.

cps

50

63

80

i00

125

160

2OO

25O

315

4oo

5oo

630

8oo

lO00

1250

1600

2000

25OO

3150

4000

5OO0

6300

8000

ioooo

OA

I/3-Octabe-Band Sound Pressure Levels in Decibels

(db re: 0.0002 _bar)

Sample Time 4.0 Seconds
Single Engine

20 ° 30 ° 40 @

120 ' 120 ' 120 '

97 98 96

99.5 lO1 Ioo

103 105

104.5 107

105.5 107

50 ° 60 @

120 ' 120'

95 93 -5

98 95.5

103.5 101.5 99.5

105 103 102.5 lO0

103.5 107.5 106.5 103.5

104 109.5 105 109 109.5 104.5

lO2.5 lO3.5 lO6.5 Io8.5 lO8 lO4

99.5 99 104.5 101.5 iiO 105

93 92.5 98.5 lOO 108.5 100.5

93 96.5 99.5 103.5 108 103

94 103 103.5 lll.5 106 llO

98 104 104 108 lll 115

99 104 106 109.5 114 117

96.5 103.5 105.5 ii1.5 i14

96.5 99 104 114 108.5 109 109

97.5 99.5 101.5 105.5 ii0 113.5 109

99.5 102 105 108 ll2 114.5 ll5

98.5 lO0 103 105.5 107.5 111.5 i12

lO0 lO1.5 104.5 107.5 llO.5 112.5 115

99.5 IO1.5 103 105.5 ill lll

102.5 103 104 106.5 109 lll

99.5 lO1.5 104 106.5 109.5 iiI

98.5 lO1 102.5 105.5 109 lll

lOl ioA_io5.51o9 nl

ll4 ll7 117.5 121.5 123 125

70 @ 90 @ 125 @

120' 120' 120'

89 86.5 86

92 89.5 87.5

96.5 91 91

94.5 90.5

97 92.5

97.5 94

98.5 94

97 93

95 92

96.5 95

99.5 95

lO7.5 98

115.5 lO9.5 ioo

I01

i00

102

104.5

lO5.5

ll3 107

114 109

ll3 108

i13.5 107

160 @ D 3 D 16 D
120' e e e

85.5 119.5 107.5 96

86.5 119 108.5 98

88.5 118.5 109 102.5

89 ll7 lll.5 106.5

90 i17.5 112.5 109

90.5 119 ll3 109

91 121 i16.5 llO

91.5 121 ll7 ll4

90.5 122.5 119.5 114.5

89.5 127.5 124.5 115.5

88 127 126 117.5

_Q _ _ _ 117

92.5 128.5 124.5 117

94.5 130 125.5 118.5

96 131.5 130 120

97 134.5 133 121

96 137.5 134 122.5

97 138 134 121

99 139 138 122

100.5 142.5 140 125

102.5 151.5 143.5 128

i01 145.5 140 124

lOl 142.5 138 122.5

101 . 138 122./

123.5 116.5 110.5 154.5 148.5 134



B-6 Martln-CR-66-13

Table B-6 I/3-Octabe-Band SoundPressure Levels in Decibels

(db re: 0.0002 _bar)

Program Firing No. 4

Center

Freq.

cps

5O

63

8o

lOO

125

160

2OO

25O

315

4OO

5OO

630

8OO

iOO0

125o

1600

2000

25oo

3150

4OOO

5OO0

6300

8ooo

10000

Sample Time 3.1 Seconds

20 o 30 o 40 o 50 o 60 o 70 o 90 ° 125 °

120' 120' 120' 120' 120' 120' 120' 120'

109 ll2

108 112.5 115.5 116

109.5 i14 116.5 117

ill Ill.5 ll7 ll8

llO.5 113.5 115.5 117

98

98

103

lO1

lO1

98.5 106 iiI 114

I00 104.5 108.5 112

I00 105 109.5 114

99.5 104.5 109 ll4

i13.5 113.5 109 103.5 99.5

i15.5 112 105.5 102

ll7 i15.5 106.5 102

98

lll.5 105.5 102 lOO 102

ll3 108.5 103 lO1 101

lO1

101.5

107 103 102

108.5 104 102

lO7.5 lO2.5 lOl.5

107 102 101

105 100.5 99.5

98

97

99

ILO.5

lO5.5 lll.5 116.5 121 ll8

106 112.5 118 122 ll9

107.5 ill.5 113.5 i17 120

103 106.5 llO.5 I15.5 118

105.5 109 lll llO.5 llO

112.5 ll7 106.5 100

ll6 119.5 i12 lO0

118.5 122 114.5 103

118.5 121 ll5 105

99.5 104.5 109 112.5 114.5 117 114 106.5 102

99 102.5 105.5 108.5 112 115.5 i12.5 105.5 102.5

101 104 107.5 110.5 ll5 117.5 117.5 105 102

100.5 103.5 106 108.5 iII 115.5 ll5 108.5 103.5

102 104 106.5 109 111.5 ll6 ll5 108 106

101.5 103.5 105.5 108 I10.5 ll4 ll_.5 llO.5 109.5

105.5 107.5 109 llO ill 114.5 114.5 lll.5 llO

102

lO1

102

OA 119

105 107.5 109.5 Ill 115 114.5 llO 108.5

104 106.5 109 iii 115.5 114 109.5 108.5

lO4. io6.51o9 io9.5lO8
122.5 125 127.5 129.5 130.5 126 120 118.5

160 ° D
e

120'

100.5 129

127.5

128.5

127.5

128.5

129

130.5

132

132

133.5

133.5

133.5

134

135

136.5

138.5

142.5

145

144

149

156.5

150

147.5

14___

159.5

"Interpolated Data, see text.

• • .r

Five Engines

1.3 D 7.1 D
e e

120.5 108.5

120.5 108.5

121 lll.5

121.5 ll6

122 118.5

123 i18.5

126 121

127 122.5

129 124.5

130.5 123.5

131 124.5

130 124

129.5 124

131 125.5

135 126

136.5 127

137 129.5

139 129

141 128.5

146 133

152 137

144.5 130.5

143 129.5

155 142
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B-7

Table B-7

Program Firing No. 5

Center

Freq.

cps

5o

63

8o

lOO

125

160

20O

25O

315

4OO

5OO

630

8oo

lO00

1250

1600

2000

25OO

3150

4ooo

5ooo

6300

8ooo

lOOO0

OA

I/3-Octave-Band Sound Pressure Levels in Decibels

(db re: 0.0002 Bbar)

Sample Time 4_Seconds
Five Engines

20 @ 30 @ 40 ° 50" 60 @ 70 ° 90 @ 125 @ 160 @

120' 120' 120' 120' 120' 120' 120' 120' 120'

D 3D 16D
e e e

106 I13 115.5113 109 107 10O

105.5 113.5 118 115.5 111.5 107 102

109.5 I15.5 120.5 118.5 114.5 109.5 102

109.5 ll6 121 118

107.5 116.5 118.5 116

104.5 114.5 114 ll7

102.5 112.5 I14 118

lO0 107 lll 117.5 105 104

lO0 104 llO ll7 105 103

I01.5 103.5 iiI ll5 104.5 102

99 i16.5 106

99.5 lO2

lO1 102

102 lOa

i15 111.5 104.5 102.5 lO1

ll6 115.5 105 103 lO1

121.5 119.5 105.5 104 102

121 117.5 106 105 102

113.5 116

110.5 116

lll ll2

104.5 114.5 115 ll2

99.5 105.5 113.5 i14 I15.5 119.5 lll

99 105.5 109.5 113.5 I17 121.5 114

99 104.5 llO 114 I17.5 121 115

99 102.5 109.5 116.5 ll4 ll8 115

98.5 102 107 llO i12 i16 ll4

101 103 106.5 Ii0 113.5 ll7 117

i01 103 106 109.5 ill.5 ll6 ll6

100.5

102 97

105.5 lO0

107.5 102

107.5 103

106.5 103

109

llO

128 115.5 109

127.5 115.5 lO9

128 I16 109.5

128 118.5 llO.5

128.5 120 116.5

129.5 121 118.5

131 124.5 119

105.5 132 126 124.5

lO1.5 134 129 125.5

100.5 135.5 132 126.5

98 133.5 130 120

134.5 129.5 121

135.5 130 122.5

137 131.5 122

138 134 123.5

140.5 136.5 124

103.5 144.5 137.5 125.5

104 147 139 126

102

101.5 103 106 108 llO.5 I13

103.5 104.5 106.5 108 llO i13

99.5 102.5 105.5 107 108.5 I12

98.5 lO1 104 105.5 107.5 llO

103.5 106 108.5 111.5 115.5 114.5 109.5 106.5 145.5 137.5 125.5

98 1o_i_ io9 148 14o
i17 124.5 128 128 129 130.5 125.5 120 i17 159.5 152

113 109.5 107.5 151 142 128

112.5 110.5 108 155.5 148 130.5

lll.5 108.5 106 150 142.5 126.5

llO 107 105 148 139 126

126.5

138
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Table B-8

Program Firing No. 6

i/3-Octave-Band Sound Pressure Levels in Decibels

(db re" 0.0002 _bar)

Sample Time 4.0 Seconds

Five Engines

Center

Freq.

cps

5o

63

8o

lO0

125

160

2OO

25O

315

4OO

5OO

630

8OO

1000

1250

1600

2OOO

25OO

3150

4000

5ooo

6300

8ooo

lO000

OA

20 ° 30° 40 ° 50 °
120' 120' 120' 120'

106 112.5 114 112

105.5 i13.5 116.5 i16

108.5 113.5 118.5 i18

108 i13.5 119

107.5 115.5 118

104 117.5 ll5

108 116 113

60 ° 70 ° 90 °

120' 120' 120'

108 105.5 99.5

lll.5 108 1OO.5

114.5 109.5 102

i17.5 114.5 i10.5 104

117 I15 I15 106

125 ° 160 ° D 3 D 16 D
e e e

120' 120'

96.5 102 128 115 108

99 104 127 116 109

99 103.5 128.5 i17 109

100.5 102.5 128.5 119.5 i10.5

lOl 102.5 129.5 120 115.5

114.5 119 119 106.5 lO1.5 107.5 130.5 120.5 i16

115.5 120 i19.5 107 102.5 105.5 131.5 124 i19

125 124.5

128.5 125.5

131 126.5

129 120.5

129 120

129.5 122

109 112.5 I16 119.5 116 105.5 102.5 137.5 131.5 122

109 113 i14.5 118 116 106 102.5 138.5 133.5 123

109.5 111.5 i12.5 I15.5 115.5 105.5 102.5 140.5 135.5 124

107 llO 112.5 116 116 106.5 104 144.5 137.5 125

116 i08.5 105.5 147 138.5 125.5

103.5 110.5 112.5 I14.5 116 119 108 101.5 102.5 132

102 ll0 lll ll2 115.5 117.5 107.5 100.5 102.5 134

100.5 109 ll2 ll3 I13 115.5 107.5 99 lO1.5 135

96.5 108.5 115.5 llO.5 Ill.5 115.5 llO.5 99 98 134

95 108 i14.5 108.5 112 118 i15.5 lO0 97.5 135

94 106.5 iiI ili.5 I14.5 119.5 I18 103.5 100.5 136

95 106

94.5 lO6

95 lO5

97.5 104

99.5 103.5 106.5 109 111.5 116

99.5 104.5 107 109.5 111.5 i15 115.5 108 107.5 146.5 139 126

101.5 106 107 109 110.5 ll4 114.5 llO 109 151.5 142 128.5

103 107.5 107.5 109 iii ll4 113.5 110.5 llO 156.5 149 130.5

lOl 106 107 108.5 llO 113 113 109.5 108.5 151 143 127

i00 105 106.5 107.5 109 112.5 112 108.5 108 148.5 139.5 126.5

99.5105.5 106 107___ _iii iII._ i08 i07.514__49___141 127_-

118 124.5 127 127 128 130 127 119.5 119 160 152 138
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Table B-9

Martin-CR-66-13

i/3-Octave Band Sound Pressure Levels in Decibels
(db re: 0.0002 _bar)

B-9

Program Firing No. 7

Center

Freq.

cps

5O

63

8o

lOO

125

160

2O0

25O

315

4OO

5OO

630

8oo

lOO0

1250

16OO

2OOO

25oo

3150

4ooo

5OOO

6300

8ooo

lOO00

OA

Eight Engines - Saturn IB Config.

Sample Time 3.5 Seconds

70 ° 90 ° 125 ° 160 ° D 3 D 16 D
e e e

120' 120' 120' 120'

lO6.5 1o2

117.5 107.5 104

20 o 30 ° 40 ° 50 = 60 °

120' 120' 120' 120' 120'

109 ll5 ll6 115.5 ll2

llO.5 115.5 118.5 ll9

102.5 104.5 126 lll 109.5

104 105 126.5 i12.5 110.5

lll 115 ll9 121.5 118.5 llO

109.5 116 120 121 i19.5 lll

106.5 115

102 117.5 ll6

99.5 llO ll4

98.5 103.5 108

99.5 104 i07 109.5 ll4

99 105 109.5 I13 ll4

100.5 109 113.5 i17 i18

101 108.5 112.5 i15.5 ll8

101.5 109 i13 115.5 120.5 121.5 ll4

101 108.5 i12.5 115.5 ll9 121 i17

100.5 105.5 113.5 118.5 ll9 118.5 I16

lO1 104.5 108.5 ill.5 117.5 116 ll4

104.5 103 106 128

107 104.5 104.5 128

I16.5 117 I16.5 ll6 107.5 105.5 103.5 127.5 ll9

i14.5 ll6 119.5 107.5 106 103 128 120

115.5 i19.5 120.5 109.5 106.5 103 130 125

110.5 116.5 I19.5 108.5 105 103 132 125

I14 ill

117.5 109.5

113.5

119.5

119.5

]23.5

I19 107.5 103.5 103.5 133 127.5 124.5

112.5 105 102.5 i00 134.5 130 123.5

117.5 107 101.5 99.5 133 129 121

120 lll.5 lO1 103.5 133.5 129 121

106 103.5 135.5 129 123

109.5 104.5 137.5 131 123

II0 103.5 137.5 131.5 123.5

107.5 103.5 142 133.5 126.5

102.5 106 ll0 112.5 116.5 118.5 116.5 109.5 105.5 143 133.5 126

103.5 105 107.5 llO.5 ll4 116.5 I15.5 llO 106.5 146 135.5 127

105 107 109 llO 112.5 117.5 i14.5 llO.5 109.5 146.5 137.5 127

105.5 106.5 108 llO 112.5 ll5 114.5 llO.5 llO.5 152.5 139.5 129.5

107 108 109 llO

104.5 107 108.5 109

104 106.5 108 109

lo3.51os.51o_p.Z_ lO8

119

ll2 ll5 ll4 Ill lll

llO i14.5 113.5 109.5 109

II0 114 112.5 109 109

iiO _ iii 108 108

125.5 127.5 129.5 130.5 131

157 141 131.5

151.5 138.5 127

150 136.5 127

126.5 121 119.5 160.5 148 139

_Interpolated Data, See Text
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Table B-10 I/3-Octave-Band SoundPressure Levels in Decibels
(db re: 0.0002 _bar)

Program Firing No. 8 Eight Engines, Circular Config.
SampleTime 4.0 Seconds

Center
Freq.

cps

5o

63

8o

lO0

125

160

2OO

25O

315

4oo

5oo

630

8oo

lO00

1250

1600

2OOO

25oo

3150

4ooo

5ooo

6300

8ooo

lO000

OA

20 ° 30 ° 40 °

120' 120' 120'

llO.5 116.5 lll

llO.5 ll7 ll5

112.5 ll7 ll7

112.5 i18 117

ll2 118.5 116.5 118

109.5 119.5 114 118

107 I16.5 lll 122

50 °

120'

i15

118.5 ll5

121.5 i17

120.5 ll6

ll9

122

102 iii 110.5 ll8

lO1 109 109 ll6

i01.5 108 114.5 120

lO1.5 108 lll.5 ll8

60 ° 70 ° 90 ° 125 ° 160 ° D e 3 D 16 De e
120' 120' 120' 120' 120'

102

llO.5 107.5 103 lOO 105 132

108.5 104.5 lOl

ll2 104 lO1.5 107

i12.5 105.5 102.5 105

i19 107.5 103.5 104

119 107.5 104.5 103

ll7 ll3 104.5 103

108.5 111.5 113.5 114.5 114.5 109.5 i01

105.5 131

130

i12 109

113.5 109

116 110.5

130.5 117.5 i10.5

133.5 119 i13

132.5 120 118

124.5 120 109 105 102.5 132.5 123.5 I18.5

i19.5 116.5 108.5 103.5 101.5 133.5 124 121.5

119 120.5 108 103 101.5 134.5 126.5 122.5

118.5 ll6 106 lO1 lO0 135 129 122

99 134.5 128 121

lO2 1_ 128 12o

116.5 i16 ll3 103.5 I01.5 136 129

ll8 118.5 ll6 107.5 103 138.5 131

ll7 118.5 i17.5 II0 104 140

114.5 117 ll6 ii0 105.5 142

142

143

103 108.5 108 ll4

102.5 107 107.5 i16

102 106.5 106.5 i18

102 107 105.5 114

103 105.5 103.5 i12.5 112.5 113.5 115.5 109 106

103.5 106.5 103 ill.5 114 I16 117.5 lll.5 107

122

123.5

132 124

134.5 126

135 126.5

135 125.5

105 108.5 104.5 112.5 114.5 116 116.5 i12.5 109.5 145.5 136 126.5

106.5 108.5 104.5 112.5 113 113.5 116 i14 lll 151 140.5 129.5

108 109 105 lll.5 ll3 ll4

105.5 108 104 lll.5 112.5 ll3

104 107 103 i10.5 112 ll3

103.5 _ 102 i09.5 Ii1.5 ll2

121.5 127.5 125.5 131 131 130

116 113.5 lll.5 158.5 146.5 132

115 112 109.5 151 138 127

113.5 Ii1.5 109 150 137 127

I12._ ii0 i08.5 150-5 _ 12__.Z__

127 122.5 120 161 149.5 138.5

°.

b
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FIGURE B-Io
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FIGURE B-Ib

SPL DISTRIBUTION TRAVERSE MICROPHONE

PROGRAM FIRING NO. 2
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PROGRAM FIRING NO. 4 FIGURE B-3o
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PROGRAM FIRING NO. 4 FIGURE B-3b

S P L DISTRIBUTION TRAVERSE MICROPHONE
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PROGRAM FIRING NO. 4 FIGURE B-3C

S PL DISTRIBUTION TRAVERSE MICROPHONE
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FIGURE B-4o

S P L DISTRIBUTION TRAVERSE MICROPHONE
PROGRAM FIRING NO. 5
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FIRING PROCEDURES
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A. PROCEDURE I

C-I

P

Nas8-20223

E_GINE ASSEMBLY & PRE-FIRE c_w_(_OUT PROCEDURE

TEST NO. CONFIGURATION DATE

ENGINE LOCATION - 1 2 3 4 5 6 7 EXAMPLE

NOTE IGNITER
ENGINE CONDITION - NEW USED _ ORIENTATION

BY ARROW

CLEAN AND INSPECT HARDWARE COMPONENTS (LIST SERIAL NO. AS APPLICABLE)

0 2 INJECTOR

H 2 INJECTOR

INJECTOR PLATE

BACK PLATE

CASE

GRAPHITE LINER

IGNITER

ASSEMBLY OF HARDWARE

O-RING IN CASE

LINER IN CASE

INJECTOR ASSEMBLY

COPPER GASKET

LOCTITE _.._D_ TORQI_

PLUG AND TAPE

ALIGNMENT OF Pc PORT

INSTALL IGNITER

INSTALL P TRANSDUCER (0-RING)
C

INSTALL ENGINE AND INJECTOR ON THRUST STAND

(CAREFULLY INSTALL THREE O-RINGS)

CHECK VENTURI INSTALLATION

GH 2 = 0.187 DIA

GO 2 = 0.157 DIA

CHECK CAP SCREWS, Pc TRANSDUCER, AND

IGNITER FOR TIGHTNESS

INSPECT INSIDE OF ENGINE FOR

GREASE AND PROPER INSTALLATION

OF INJECTOR AND IGNITER

CHECK ALL FEEDLINE FITTINGS FOR TIGHTNESS

CHECK OUT OF IGNITION SYSTEM USING CONSOLE,

VISUALLY CHECK SPARK BEFORE INSTALLATION OF

ENGINE ON THRUST STAND

WITH ENGINE INSTALLED, PLUG LINE IN II5V

OUTLET AND OBSERVE SPARK
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B. PROCEDURE 2

This procedure covers the loading of propellants at PDL in

two parts -- liquid hydrogen and gaseous oxygen loading.

Liquid hydrogen is loaded into a charging sphere and allowed

to boil off pressurizing three 15-cu-ft hydrogen storage tanks.

Since one load of LH 2 in the charging sphere will generate approx-

imately I000 psig increase in system pressure, three loads of LH 2

are required to load the system to 2900 psig operating pressure.

Loading the charging shpere once requires approximately 250 liters

of LH 2 to cool the sphere and 250 liters of LH 2 to load it.

GO 2 loading is to be done by National Cylinder Gas Company.

This will require the connection of their truck, opening appro-

priate valves and monitoring GO 2 pressure until the K-bottle bank

is up to operating pressure of 2200 psig at 70°F.
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HYDROGEN SYSTEM PRELOAD PROCEDURE

i. Obtain corona count from ECC. (Ph 4000)

WARNING: Do not operate if corona count exceeds 0.05.

2. Notify Safety 30 minutes prior to loading.

3. Check Test Cells and area for housekeeping. Make final

inspection of Test Setup, using the "Test Engineer's Safety

Check List." Verify that system is configured per Fig. C-I

and all relief devices are in place¢

4. Evacuate all unnecessary personnel from area.

5. Check Test Console for power. Make sure all valves are

closed and 35 vdc is available.

6. Put area in AMBER condition and establish road block at

PDL area entrance.

7. Verify sufficient LH2, approximately 500 Liters, is on

hand to complete loading.

8. Have personnel operating LH 2 dewar put on protective gear.

9. Verify that sufficient pressure is available to break

vacuum in vacuum tank.

i0. No personnel are to go to 1^._n_ =tea until charging tank

is vented and PCT has decayed to less than I0 psig, except

if PFS is less than 1500 psig.

HYDROGEN SYSTEM LOADING PROCEDURE

WARNING: In no event should PCT' catch tank pressure, be allowed
to go above 2900 psig_

I. Place valves and regulators in following positions:

.

FVNV - Closed

FNPV - Closed

FFV - Closed

FPDV - Closed

FW - Closed

FIV - Closed

FPV - Closed

FSV - Closed

FLVV - Closed

FTCV - Closed

If line between FPV and FSV is pressurized, as indicated by

PFU' open FLW and FSV and allow to vent down so PFU is be-

tween 50 and 150 psig, then close FLW.
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2a. Turn on DC power to FVPV on FVDV switches.

3. Open FVPV, fuel vacuum purge valve.

4. Close FVDV, fuel vacuum discharge valve.

5. Turn on the vacuum pump and verify that a vacuum is established

in the vacuum jacket by checking PN" It should indicate approxi-

mately 16 in. Hg. Turn off vacuum pump. If vacuum decreases, re-

turn to blockhouse to repump vacuum.

5a. Close FVPV.

6. Verify that no one is near loading area.

7. Warn personnel that fuel vent valve is going to be opened.

8. Open FVV, fuel vent valve. Make certain PCT is zero psig.

9. Open FFV, fuel fill valve.

9a. Purge LH 2 transfer line through FFV and out FVV with helium.

I0. Start helium flow through poly bag around fuel fill valve. Main-

tain approximately 0.5 psig in bag.

10a. Verify that LH 2 dewar is grounded.

II. Fill LH 2 charging tank. Liquid drops emerging from vent indicate

the charging tank is full. LH 2 dewar is to be operated by person-

nel from LH lab. (This can take from 0.5 to 1.0 hour.)
2

12. Shut off helium flow into poly bag.

13. Disconnect LH 2 dewar. If no more loading is to be done during

shift, remove dewar from area.

14. Get all personnel into blockhouse.

15. Close FFV, fuel fill valve.

16. Close FVV, fuel vent valve.

17. If PFS is less than 200 psig, open FIV, fuel isolation valve.

If PFS is greater than 200 psig, proceed to following steps.

WARNING: Monitor PCT while performing following steps. If

PCT increases to equal PFS' FIV is to be opened. Personnel

are to remain in blockhouse until PCT and PFS reach equilibrium

and FIV has been opened.

18. Open FVNV and set the fuel vacuum tank GN 2 supply pressure regu-

lator to approximately 40 psig while GN 2 is flowing.

19. Allow GN 2 to flow into the vacuum tank until PN shows a positive

pressure when FVNV is closed. (This can take approximately 1.5

hours.)

20. With FVNV open, open FVDV, fuel vacuum discharge valve.

O
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21. When PCT equals PFS open FIV, fuel isolation valve, unless

opened on Step 19.

22.
Monitor PFS and "PcT (they should read the same). When either

reads 2900 psig maintain by cycling FVV, fuel vent valve, as

required until no further increase is indicated in either PFS

or PCT"

WARNING: If temperature at time of loading is below 50°F

additional venting will be required to maintain 2900 psig

maximum if temperature increases.

23. Leave FIV open (requires power on console) for 12 hours mini-

mum after loading.

24. Place "No Admittance" sign on revetment. Personnel will not

be allowed in revetment when PFS or PCT are greater than 1500
psig.

25. Place Area in green condition and remove roadblock.

OXYGEN SYSTEM PRELOAD PROCEDURE

i. Schedule loading with National Cylinder Gas Company.

2. Notify Safety 30 minutes before loading.

. Check test cells for housekeeping. Make sure no material that

can act as a fuel with oxygen is in west test cell. Make in-

spection of test setup using "The Test Engineer's Safety Check-

list." Verify that system is configured per Fig. C-2 and all

relief devices are in place.

4. Evacuate all unnecessary personnel from area.

5. Check test console; all valves to be closed.

. Verify that 30 vdc and lO0-pslg compressor pressure are avail-

able.

OXYGEN SYSTEM LOADING PROCEDURE

The entire loading procedure is to be done by National Cylinder Gas

Company using hand valves and a loading llne contained within their "K"

bottle bank. The loading operation is to be accomplished from outside

the west test cell.

OXYGEN SYSTEM EMERGENCY PROCEDURE

If a llne breaks, do not enter cell to close valves. Evacuate into

blockhouse until GO 2 has stopped flowing. GO 2 can be vented if necessary

by opening OPV and OSV and OW.
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HYDROGEN SYSTEM EMERGENCY PROCEDURES

Possible emergency conditions are given with steps to be taken to

correct each. The steps are given in order of application until the

situation is corrected, i.e., if Step I corrects the situation don't

proceed to Step 2 but rather revert back to the normal procedure.

A. If LH 2 has been loaded and FW and/or FFV will not close:

I. Do not allow FFV to be opened with FVV closed if LH 2
dewar is connected.

2. Do not go into revetment to correct situation.

3. Verify that 120-pslg actuation pressure and 28 vdc are

available.

4. Allow LH 2 to boll off with FW open. To speed boiloff

vacuum can be broken by opening FVNV, setting GN 2 supply

regulator to 50 pslg, and flowing GN 2 until PN indicates

a positive pressure when FVNV is closed.

5. System is in safe condition after LH 2 has boiled off.

B. If LH 2 has been loaded, FFV, FW closed and PIV will not

open when PCT = PFS"

I. Do not go into revetment to correct situation.

2. Verify that 120-psl actuation pressure and 28 vdc are

available.

3. Open FVV.

4. If LH 2 dewar is not connected, open FFV.

5. If none of the above relieve the pressure, the relief valve

and burst disc will function at approximately 3300 psig.

C. If LH 2 has been loaded, FFV and FW closed, FIV opened and PCT

and PFS are going above 2900 pslg and FW will not open:

i. Do not go into revetment to correct situation.

2. If LH 2 dewar is disconnected, open FFV to vent down to 2900 psig.

3. Open FPV, FSV and FLW to vent down to 2900 psig. After doing

so, close FPV and open FLW to vent PFU down to between 50 and
I00 psig. Close FSV.

4. If none of the above correct the situation, two relief valves

and two burst discs in the system will relieve pressure at

approximately 3300 pslg.

Q
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C. PROCEDURE 3

SYSTEM FIRING PROCEDURE

To conduct any test where one or both propellants will be flowing

beyond the regulators (OSU and/or FSV), the following checklist proce-

dure will be employed until a superseding document is published. Accom-

plishment of the SCAT propellant loading procedure is a prerequisite to

starting the system firing procedure. The test engineer will select ap-

plicable steps of this firing procedure according to whether he is doing

a single-propellant mock firing, a dual-propellant mock firing or a hot

firing.

PRETEST PROCEDURE

I, Notify safety of impending test. Safety will in turn notify

Security and the Fire Department. A fire truck will be on

station at the road block before testing begins. (X 2150)

2. Obtain corona count from ECC. (X 4000)

3.

4.

5.

6.

7.

8.

WARNING: Do not apply pressure to the upstream side of the

thrust chamber valves if the corona count exceeds

0.05.

9.

I0.

Check test cells and area for proper housekeeping. Make final

inspection of test setup using the attached "Test Engineer's

Safety Check List."

Evacuate all unnecessary personnel from area.

Verify that purge "K" bottles have been drained and refilled

with GN 2 .

Verify road block is in place and Fire Department on station.

Verify that KEPCO power supply is set at 35 vdc and amps set

2 turns down from maximum.

Verify that 80-psi minimum pneumatic pressure is available at

compressor.

Verify that ii0 psi is available for operation of OTCV and FTCV.

Verify that valves are in the following positions:

FNPV Closed FIV Closed FVDV Open

FTCV Closed FVV Closed ONPV Closed

FLVV Closed FFV Closed OTCV Closed

FSV Closed FVPV Closed OW CLosed

FPV Closed FVNV Closed OSV Closed

OPV Closed

__OBPV Closed
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"K" Bottle Tank Hand Valves - Closed

OMVV Open

10a. Open OVV.

Ii. Verify console sequencing by running through a sequence with

valves closed and no pressure on OTCV and FTCV.

lla. Close OW.

12. Place area in RED condition.

13. Verify igniter operation.

14. Verify that film coverage, if needed, is available and operable.

MOCK FIRING

I. Verify that igniter is disconnected in blockhouse.

2. Open OMVV, oxidizer manifold vent valve.

3. Open OBPV, oxidizer bypass valve.

3a. Notify all personnel "No Smoking during Run."

4. Pressurize llne between '_" bottle bank and OSV from GO 2

"K" bottle outside cell to between I000 and 1800 psig.

5. Open both purge "K" bottles and set to 150 pslg.

6. Open four hand valves on 02 "K" bottle bank.

7. Verify that all personnel are inside blockhouse.

8. Verify that instruments have been calibrated. Set CEC recorder to

I0 in./sec. Set events recorder to 50 mm/sec.

NOTE: Watch POL for indication of regulator (OSV) leakage or

creep when OPV or OBPV are open. Vent if necessary

through OW.

9. Open OPV, oxygen pressurization valve.

I0. Close OBPV.

II. If Pct= PFS open FIV, fuel isolation valve. If Pct is less than

PFS leave FIV closed.

12. Set 02 supply pressure, POL' to psig. Have pressure

marked on recorder.

Record Pos__psig.

13. Open FPV, fuel pressurization valve. (Carefully open and close

while watching PFU until PFU = PFS' leave open).

14. Set H 2 supply pressure, PFL to -- pslg. Have pressure marked

on recorder.

Record PFS -- pslg.

NOTE: Watch PFL for indication of regulator, FSV, leakage or

creep. Vent through FLW if required.

_t

L"
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15. Verify console "command shutdown" is deenergized.

16. Check console reset and put console in automatic mode.

Alert recorder operators to start recorders at T - 5 sec.

17. Activate FIRE READY switch.

18. Open FNPV, fuel nitrogen purge valve.

19. Activate FIRE SWITCH at T - i0 sec.

20. Put OMVV in closed position (OMVV will not be controlled

automatically). Console will step through 10-sec count-

down prior to firing at T - 0. Count aloud with console

signaling when recorders are to be turned on at T - 5.

Console will terminate run automatically.

21. During firing, turn on ONPV, oxidizer nitrogen purge valve.

If an emergency develops, such as a fire on the thrust stand, close

FPV and OPV, and "command shutdown."

\

19. Close

FPV" I Close simultaneously with automatic closing of OTCV.

20. Close OPV.}

21. Monitor PFL' if it increases due to regulator leakage, vent by

opening FL_.

22. Monitor POL' if it increases due to regulator leakage, vent by

opening OVV.

23 Record: PFS __psig. Pos__.pslg.

If not going to make hot firing proceed to posttest procedure.

24. Close FNPV.

25. Close ONPV.

HOT FIRING PROCEDURE

If mock firing has just been conducted and FTCV and OTCV are

pressurized steps 2 through 13 can be skipped.

I. Verify that ignitor is connected, and instruct operator to

pull power supply immediately after engine ignition is heard.

2. Open OBPV, oxidizer bypass valve.



C-lO ". " :

Martin-CR-66-13

c_

.o

3.

4.

5.

5a.

5b0

6.

7.

8.

9.

I0.

lOa.

Ii.

12.

13.

14

15

16

17

18.

18a.

19.

Pressurize line between '_" bottle bank and OSV from GO 2

"K" bottle outside cell to between i000 and 1800 n=_- rw_o.

Open four hand valves on 02 "K" bottle bank.

Verify that all personnel are in blockhouse.

Open both purge "K" bottles and set to 150 psig.

Verify visually that oxidizer injector seal plug is in place.

Verify that instruments have been calibrated and CEC recorder

is set at I0 in./sec. Verify that events recorder is set at

50 mm/sec.

NOTE: Watch POL for indication of regulator (OSV) leakage

when OPV or OBPV are open. Vent through OVV if necessary.

Open OPV, oxidizer pressurization valve.

Close OBPV.

If PCT = PFS open FIV, fuel isolation valve. If PCT is less

than PFS leave FIV closed.

Set 02 supply pressure, POL' to psig. Have pressure

marked on recorder.

Record Pos__.psig.

Visually check with mirror that oxidizer injector seal plug is in

place.

Open FPV, fuel pressurization valve. (Carefully open and close

until PFU = PFS' leave open.)

Set H 2 supply pressure, PFL' to psig. Have pressure

marked on recorder.

Record PF_ _psig.

NOTE: Watch PFL for indication of regulator (FSV) leakage. Vent

through FLVV if necessary.

Verify console "command shutdown" is reset.

Check console reset and put console in automatic mode.

Alert recorder operator to start recorders at T - 5 sec.

Alert camera operator to start camera at T - 2 sec.

Activate FIRE READY switch.

Open FNPV, fuel nitrogen purge valve.

Have tape recorder turned on 5 sec prior to FIRE switch.

Activate FIRE switch and start countdown at T - I0 sec.

q

t



• C-ll

C .

Mar tin-CR-66-13

t

20. Put OMVV in closed position. Console will step through lO-sec

countdown prior to firing at T - 0 sec. Count aloud with con-

sole signaling recorder operator at T - 5 and camera operator

at T - 2. Console will initiate and terminate firing automati-

cally.

21. During firing, open ONPV, oxidizer nitrogen purge valve.

22. Close FPV.

23. Close OPV.

24. Monitor PFL" If it increases due to regulator leakage vent by

opening FLW.

25. Monitor POL" If it increases due to regulator leakage vent by

opening OW.

26. Allow FNPV and ONPV to remain open during the remainder of the

procedure until '_" bottles have emptied.

27. Record: PFs_______psig. Pos__psig.

BACKOUT PROCEDURE

If console stops sequencing prior to T = 0, activate "command shutdown"

switch, put in manual mode, reset and determine problem before proceeding

(probably low supply voltage).

If console stops sequencing after T = 0, close OTCV after 3 sec and

close FTCV after 5 sec. Close FPV and OPV. Initiate command shutdown,

put in manual mode, reset, and make sure ONPV and FNPV are open.

If fire develops on stand during firing, close FPV and OPV, and actuate

"command shutdown" switch. Proceed to Emergency Procedure.

POSTTEST PROCEDURE

I. Set control console to manual mode, push reset as required and

reset counter to zero.

2. Bleed down the fuel supply line by operating FLVV, fuel line

vent valve.

3. Bleed down the oxidizer supply line by operating OVV oxidizer

line vent valve.

3a. Close 0 2 "K" bottle bank hand valves, open OBPV, open OVV.

4. Unload the regulators, FSV and OSV.

5. Verify all valves are closed and the system is in a secured

condition.

6.

7.

,,,,,,

Notify Safety of test completion.

Reopen the area to personnel.

Notify Fire Department that the test is complete.

Close simultaneously with automatic closing of OTCV.
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EMERGENCY PROCEDURE

I. Place console on manual and close all valves on the console.

2. Activate purge valves FNPV and ONPV.

3. Open valve FLVV and bleed down the engine supply line between
FPV and stand.

4. Open valve OLVV and bleed down the engine supply llne between

DPV and stand.

NOTE: If the possibility of further fire still exists that

endangers the propellant storage systems, the entire system

must be vented, using Steps 5 and 6.

5. Open valves FW and FIV. When venting is complete, close FVV

and FIV.

6. Open valve OVV. When venting is complete, close OVV.

7. Secure the system and prepare for an incident investigation

per company standard practice.
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Fig. C-2 Oxygen Storage and Feed System


